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INSTRUCTIONS FOR AUTHORS (2021)

GENERAL

The Journal of the Serbian Chemical Society (the Journal in further text) is an international journal
publishing papers from all fields of chemistry and related disciplines. Twelve issues are published
annually. The Editorial Board expects the editors, reviewers, and authors to respect the well-known
standard of professional ethics.

Types of Contributions

Original scientific papers ~ (up to 15 typewritten pages, including Figures, Tables and References)
report original research which must not have been previously published.

Short communications (up to 8 pages) report unpublished preliminary results of sufficient
importance to merit rapid publication.

Notes (up to 5 pages) report unpublished results of short, but complete, original
research

Authors’ reviews (up to 40 pages) present an overview of the author’s current research with
comparison to data of other scientists working in the field

Reviews? (up to 40 pages) present a concise and critical survey of a specific research
area. Generally, these are prepared at the invitation of the Editor

Surveys (about 25 pages) communicate a short review of a specific research area.

Book and Web site reviews (1 - 2 pages)

Extended abstracts (about 4 pages) of Lectures given at meetings of the Serbian Chemical
Society Divisions

Letters to the Editor report miscellaneous topics directed directly to the Editor

®Generally, Authors’ reviews, Reviews and Surveys are prepared at the invitation of the Editor.

Submission of manuscripts

Manuscripts should be submitted using the OnLine Submission Form, available on the JSCS Web
Site (http://www.shd-pub.org.rs/index.php/JSCS). The manuscript must be uploaded as a Word.doc or
artf file, with tables and figures (including the corresponding captions — above Tables and below
Figures), placed within the text to follow the paragraph in which they were mentioned for the first time.

Please note that Full Names (First Name, Last Name), Full Affiliation and Country (from drop
down menu) of ALL OF AUTHORS (written in accordance with English spelling rules - the first letter
capitalized) must be entered in the manuscript Submission Form (Step 3). Manuscript Title, authors’
names and affiliations, as well as the Abstract, WILL APPEAR in the article listing, as well as in
BIBLIOGRAPHIC DATABASES (WoS, SCOPUS...), in the form and in the order entered in the
author details

Graphical abstract
Graphical abstract is a one-image file containing the main depiction of the authors work and/or
conclusion and must be supplied along with the manuscript. It must enable readers to quickly gain the
main message of the paper and to encourage browsing, help readers identify which papers are most
relevant to their research interests. Authors must provide an image that clearly represents the research
described in the paper. The most relevant figure from the work, which summarizes the content, can also
be submitted. The image should be submitted as a separate file in Online Submission Form - Step 2.
Specifications: The graphical abstract should have a clear start and end, reading from top to bottom
or left to right. Please omit unnecessary distractions as much as possible.
Image size: minimum of 500x800 pixels (WxH) and a minimum resolution of 300 dpi. If a larger image is sent,
then please use the same ratio: 16 wide x 9 high. Please note that your image will be scaled proportionally to fit
in the available window in TOC; a 150x240 pixel rectangle. Please be sure that the quality of an image cannot
be increased by changing the resolution from lower to higher, but only by rescanning or exporting the image
with a higher resolution, which can be set in usual "settings" option.
e  Font: Please use Calibri and Symbol font with a large enough font size, so it is readable even from the image of
a smaller size (150 x 240 px) in TOC.
e  File type: JPG and PNG only.
No additional text, outline or synopsis should be included. Please do not use white space or any heading within
the image.



Cover Letter

Manuscripts must be accompanied by a cover letter (strictly uploaded in Online Submission Step
2) in which the type of the submitted manuscript and a warranty as given below are given. The Author(s)
has(have) to warranty that the manuscript submitted to the Journal for review is original, has been
written by the stated author(s) and has not been published elsewhere; is currently not being considered
for publication by any other journal and will not be submitted for such a review while under review by
the Journal; the manuscript contains no libellous or other unlawful statements and does not contain any
materials that violate any personal or proprietary rights of any other person or entity. All manuscripts
will be acknowledged on receipt (by e-mail).

Ilustrations

[lustrations (Figs, schemes, photos...) in TIF or EPS format (JPG format is acceptable for colour
and greyscale photos, only), must be additionally uploaded (Online Submission Step 2) as a separate file
or one archived (.zip, .rar or .arj) file. Figures and/or Schemes should be prepared according to the
Artwork Instructions - http://www.shd.org.rs/JSCS/jscs-pdf/Artwork_Instructions.pdf!

For any difficulties and questions related to OnLine Submission Form - https://www.shd-
pub.org.rs/index.php/JSCS/submission/wizard, please refer to User Guide - https://openjournal-
systems.com/ojs-3-user-guide/ , Chapter Submitting an Article - https://openjournalsystems.com/ojs-3-
user-guide/submitting-an-article/. If difficulties still persist, please contact JSCS Editorial Office at
JSCS@shd.org.rs

A manuscript not prepared according to these instructions will be returned for resubmission

without being assigned a reference number.

Conflict-of-Interest Statement*: Public trust in the peer review process and the credibility of
published articles depend in part on how well a conflict of interest is handled during writing, peer
review, and editorial decision making. A conflict of interest exists when an author (or the author's
institution), reviewer, or editor has financial or personal relationships that inappropriately influence
(bias) his or her actions (such relationships are also known as dual commitments, competing interests, or
competing loyalties). These relationships vary from those with negligible potential to those with great
potential to influence judgment, and not all relationships represent true conflict of interest. The potential
for a conflict of interest can exist whether or not an individual believes that the relationship affects his or
her scientific judgment. Financial relationships (such as employment, consultancies, stock ownership,
honoraria, paid expert testimony) are the most easily identifiable conflicts of interest and the most likely
to undermine the credibility of the journal, the authors, and of science itself. However, conflicts can
occur for other reasons, such as personal relationships, academic competition, and intellectual passion.

Informed Consent Statement*: Patients have a right to privacy that should not be infringed without
informed consent. Identifying information, including patients' names, initials, or hospital numbers, should
not be published in written descriptions, photographs, and pedigrees unless the information is essential for
scientific purposes and the patient (or parent or guardian) gives written informed consent for publication.
Informed consent for this purpose requires that a patient who is identifiable be shown the manuscript to be
published. Authors should identify Individuals who provide writing assistance and disclose the funding
source for this assistance. ldentifying details should be omitted if they are not essential. Complete
anonymity is difficult to achieve, however, and informed consent should be obtained if there is any doubt.
For example, masking the eye region in photographs of patients is inadequate protection of anonymity. If
identifying characteristics are altered to protect anonymity, such as in genetic pedigrees, authors should
provide assurance that alterations do not distort scientific meaning and editors should so note. The
requirement for informed consent should be included in the journal's instructions for authors. When
informed consent has been obtained it should be indicated in the published article.

Human and Animal Rights Statement* When reporting experiments on human subjects, authors
should indicate whether the procedures followed were in accordance with the ethical standards of the
responsible committee on human experimentation (institutional and national) and with the Helsinki
Declaration of 1975, as revised in 2000 (5). If doubt exists whether the research was conducted in
accordance with the Helsinki Declaration, the authors must explain the rationale for their approach, and
demonstrate that the institutional review body explicitly approved the doubtful aspects of the study.
When reporting experiments on animals, authors should be asked to indicate whether the institutional
and national guide for the care and use of laboratory animals was followed.

*International Committee of Medical Journal Editors (“Uniform Requirements for Manuscripts Submitted to Biomedical Journals™), February 2006
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PROCEDURE

All contributions will be peer reviewed and only those deemed worthy and suitable will be
accepted for publication. The Editor has the final decision. To facilitate the reviewing process, authors
are encouraged to suggest up to three persons competent to review their manuscript. Such suggestions
will be taken into consideration but not always accepted. If authors would prefer a specific person not be
a reviewer, this should be announced. The Cover Letter must be accompanied by these suggestions.
Manuscripts requiring revision should be returned according to the requirement of the Editor, within 60
days upon reception of the reviewing comments by e-mail.

The Journal maintains its policy and takes the liberty of correcting the English as well as false content
of manuscripts provisionally accepted for publication in the first stage of reviewing process. In this second
stage of manuscript preparation by JSCS Editorial Office, the author(s) may be required to supply some
additional clarifications and corrections. This procedure will be executed during copyediting actions,
with a demand to author(s) to perform corrections of unclear parts before the manuscript would be
published OnLine as finally accepted manuscript (OLF Section of the JSCS website). Please note that
the manuscript can receive the status of final rejection if the author’s corrections would not be satisfactory.

When finally accepted manuscript is ready for printing, the corresponding author will receive a request
for proof reading, which should be performed within 2 days. Failure to do so will be taken as the authors agree
with any alteration which may have occurred during the preparation of the manuscript for printing.

Accepted manuscripts of active members of the Serbian Chemical Society (all authors) have
publishing priority.

MANUSCRIPT PRESENTATION

Manuscripts should be typed in English (either standard British or American English, but consistent
throughout) with 1.5 spacing (12 points Times New Roman; Greek letters in the character font Symbol)
in A4 format leaving 2.5 cm for margins. For Regional specific, non-standard characters that may appear
in the text, save documents with Embed fonts Word option: Save as -> (Tools) -> Save Options... ->
Embed fonts in the text.

The authors are requested to seek the assistance of competent English language expert, if necessary,
to ensure their English is of a reasonable standard. The Serbian Chemical Society can provide this
service in advance of submission of the manuscript. If this service is required, please contact the office of
the Society by e-mail (jscs-info@shd.org.rs).

Tables, figures and/or schemes must be embedded in the main text of the manuscript and should
follow the paragraph in which they are mentioned for the first time. Tables must be prepared with the aid
of the WORD table function, without vertical lines. The minimum size of the font in the tables should
be 10 pt. Table columns must not be formatted using multiple spaces. Table rows must not be formatted
using any returns (enter key; - key) and are limited to 12 cm width. Tables should not be incorporated
as graphical objects. Footnotes to Tables should follow them and are to be indicated consequently (in a
single line) in superscript letters and separated by semi-column.

Table caption must be placed above corresponding Table, while Captions of the Illustrations
(Figs. Schemes...) must follow the corresponding item. The captions, either for Tables or
llustrations, should make the items comprehensible without reading of the main text (but clearly
referenced in), must follow numerical order (Roman for Tables, Arabic for Illustrations), and should not
be provided on separate sheets or as separate files.

High resolution Illustrations (named as Fig. 1, Fig. 2... and/or Scheme 1, Scheme 2...) in TIF or
EPS format (JPG format is acceptable for photos, only) must be additionally uploaded as a separate
files or one archived (.zip, .rar) file.

Illustrations should be prepared according to the ARTWORK INSTRUCTIONS -
http://www.shd.org.rs/JSCS/jscs-pdf/Artwork_Instructions.pdf. !

All pages of the manuscript must be numbered continuously.

DESIGNATION OF PHYSICAL QUANTITIES AND UNITS

IUPAC recommendations for the naming of compounds should be followed. Sl units, or other
permissible units, should be employed. The designation of physical quantities must be in italic throughout
the text (including figures, tables and equations), whereas the units and indexes (except for indexes having
the meaning of physical quantities) are in upright letters. They should be in Times New Roman font. In
graphs and tables, a slash should be used to separate the designation of a physical quantity from the unit
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(example: p / kPa, j / mA cm?,t/ °C, To/ K, z/h, In(j/mA cm?)...). Designations such as: p (kPa),
t [min]..., are not acceptable. However, if the full name of a physical quantity is unavoidable, it should be
given in upright letters and separated from the unit by a comma (example: Pressure, kPa; Temperature, K;
Current density, mA cm...). Please do not use the axes of graphs for additional explanations; these should
be mentioned in the figure captions and/or the manuscript (example: “pressure at the inlet of the system,
kPa” should be avoided). The axis name should follow the direction of the axis (the name of y-axis should
be rotated by 90°). Top and right axes should be avoided in diagrams, unless they are absolutely necessary.

Latin words, as well as the names of species, should be in italic, as for example: i.e., e.g., in vivo,
ibid, Calendula officinalis L., etc. The branching of organic compound should also be indicated in italic,
for example, n-butanol, tert-butanol, etc.

Decimal numbers must have decimal points and not commas in the text (except in the Serbian
abstract), tables and axis labels in graphical presentations of results. Thousands are separated, if at all, by
a comma and not a point.

Mathematical and chemical equations should be given in separate lines and must be numbered,
Arabic numbers, consecutively in parenthesis at the end of the line. All equations should be embedded in
the text Complex equations (fractions, integrals, matrix...) should be prepared with the aid of the
Microsoft Equation 3.0 (or higher) or MathType (Do not use them to create simple equations and
labels). Using the Insert -> Equation option, integrated in MS Office 2010 and MS Office 2013, as
well as insertion of equation objects within paragraph text IS NOT ALLOWED.

ARTICLE STRUCTURE

e TITLE PAGE;

e MAIN TEXT - including Tables and Illustrations with corresponding captions;
e SUPPLEMENTARY MATERIAL (optional)

Title page

e Title in bold letters, should be clear and concise, preferably 12 words or less. The use of non-
standard abbreviations, symbols and formulae is discouraged.

e AUTHORS’ NAMES in capital letters with the full first name, initials of further names separated
by a space and surname. Commas should separate the author’s names except for the last two names
when ‘and’ is to be used. In multi-affiliation manuscripts, the author’s affiliation should be
indicated by an Arabic number placed in superscript after the name and before the affiliation. Use *
to denote the corresponding author(s).

o Affiliations should be written in italic. The e-mail address of the corresponding author should be
given after the affiliation(s).

e  Abstract: A one-paragraph abstract written of 150 — 200 words in an impersonal form indicating the
aims of the work, the main results and conclusions should be given and clearly set off from the text.
Domestic authors should also submit, on a separate page, an Abstract - Izvod, the author’s name(s)
and affiliation(s) in Serbian (Cyrillic letters). (Jomahu aytopu wmopajy mnocraButu M3Bon
(yxpyuyjyhu umeHa aytopa M aduimjanujy) Ha CpPICKOM je3HMKy, HCIMCaHe hHpUIHIIOM, H3a
3axBasHHIEe, a pe cnucka pedepeni.) For authors outside Serbia, the Editorial Board will provide
a Serbian translation of their English abstract.

e  Keywords: Up to 6 keywords should be given. Do not use words appearing in the manuscript title

e RUNNING TITLE: A one line (maximum five words) short title in capital letters should be
provided.

Main text — should have the form:
e INTRODUCTION,
EXPERIMENTAL (RESULTS AND DISCUSSION),
RESULTS AND DISCUSSION (EXPERIMENTAL),
CONCLUSIONS,
NOMENCLATURE (optional) and
Acknowledgements: If any.
REFERENCES (Citation of recent papers published in chemistry journals that highlight the
significance of work to the general readership is encouraged.)
The sections should be arranged in a sequence generally accepted for publication in the respective
fields. They subtitles should be in capital letters, centred and NOT numbered.



e The INTRODUCTION should include the aim of the research and a concise description of
background information and related studies directly connected to the paper.

e The EXPERIMENTAL section should give the purity and source of all employed materials, as
well as details of the instruments used. The employed methods should be described in
sufficient detail to enable experienced persons to repeat them. Standard procedures should be
referenced and only modifications described in detail. On no account should results be
included in the experimental section.

Chemistry

Detailed information about instruments and general experimental techniques should be given in all
necessary details. If special treatment for solvents or chemical purification were applied that must be
emphasized.
Example: Melting points were determined on a Boetius PMHK or a Mel-Temp apparatus and were not
corrected. Optical rotations were measured on a Rudolph Research Analytical automatic polarimeter,
Autopol 1V in dichloromethane (DCM) or methanol (MeOH) as solvent. IR spectra were recorded on a
Perkin-Elmer spectrophotometer FT-IR 1725X. *H and ¥C NMR spectra were recorded on a Varian
Gemini-200 spectrometer (at 200 and 50 MHz, respectively), and on a Bruker Ultrashield Advance 111
spectrometer (at 500 and 125 MHz, respectively) employing indicated solvents (vide infra) using TMS as
the internal standard. Chemical shifts are expressed in ppm (J / ppm) values and coupling constants in
Hz (J / Hz). ESI-MS spectra were recorded on Agilent Technologies 6210 Time-Of-Flight LC-MS
instrument in positive ion mode with CHsCN/H20 1/1 with 0.2 % HCOOH as the carrying solvent
solution. Samples were dissolved in CH3CN or MeOH (HPLC grade purity). The selected values were as
follows: capillary voltage = 4 kV, gas temperature = 350 °C, drying gas flow 12 L min™?, nebulizer
pressure = 310 kPa, fragmentator voltage = 70 V.The elemental analysis was performed on the Vario EL
I11- C,H,N,S/O Elemental Analyzer (Elementar Analysensysteme GmbH, Hanau-Germany). Thin-layer
chromatography (TLC) was performed on precoated Merck silica gel 60 F254 and RP-18 F254 plates.
Column chromatography was performed on Lobar LichroPrep Si 60 (40-63 um), RP-18 (40-63 pm)
columns coupled to a Waters RI 401 detector, and on Biotage SP1 system with UV detector and FLASH
12+, FLASH 25+ or FLASH 40+ columns pre packed with KP-SIL [40-63 um, pore diameter 6 nm (60
A)], KP-C18-HS (40-63 um, pore diameter 9 nm (90 A) or KP-NH [40-63 um, pore diameter 10 nm
(100 A)] as adsorbent. Compounds were analyzed for purity (HPLC) using a Waters 1525 HPLC dual
pump system equipped with an Alltech, Select degasser system, and dual 1 2487 UV-VIS detector. For
data processing, Empower software was used (methods A and B). Methods C and D: Agylent
Technologies 1260 Liquid Chromatograph equipped with Quat Pump (G1311B), Injector (G1329B)
1260 ALS, TCC 1260 (G1316A) and Detector 1260 DAD VL+ (G1315C). For data processing, LC
OpenLab CDS ChemStation software was used. For details, see Supporting Information.

1. Synthesis experiments

Each paragraph describing a synthesis experiment should begin with the name of the product and any
structure number assigned to the compound in the Results and Discussions section. Thereafter, the
compound should be identified by its structure number. Use of standard abbreviations or unambiguous
molecular formulas for reagents and solvents, and of structure numbers rather than chemical names to
identify starting materials and intermediates, is encouraged.

When a new or improved synthetic method is described, the yields reported in key experimental
examples, and yields used for comparison with existing methods, should represent amounts of isolated
and purified products, rather than chromategraphically or spectroscopically determined yields. Reactant
quantities should be reported in weight and molar units and for product yields should be reported in
weight units; percentage yields should only be reported for materials of demonstrated purity. When
chromatography is used for product purification, both the support and solvent should be identified.

2. Microwave experiments

Reports of syntheses conducted in microwave reactors must clearly indicate whether sealed or open
reaction vessels were used and must document the manufacturer and model of the reactor, the method of
monitoring the reaction mixture temperature, and the temperature-time profile. Reporting a wattage
rating or power setting is not an acceptable alternative to providing temperature data. Manuscripts
describing work done with domestic (kitchen) microwave ovens will not be accepted except for studies
where the unit is used for heating reaction mixtures at atmospheric pressure.



3. Compound characterization

The Journal upholds a high standard for compound characterization to ensure that substances being
added to the chemical literature have been correctly identified and can be synthesized in known yield and
purity by the reported preparation and isolation methods. For all new compounds, evidence adequate to
establish both identity and degree of purity (homogeneity) must be provided.

Identity - Melting point. All homogeneous solid products (e.g. not mixtures of isomers) should be
characterized by melting or decomposition points. The colors and morphologies of the products should
also be noted.

Specific rotations. Specific rotations based on the equation [a]';D = (100 «) / (I ¢) should be reported as
unitless numbers as in the following example: [¢]?%; D = -25.4 (¢ 1.93, CHCIs3), where ¢/gmL? is
concentration and I / dm is path length. The units of the specific rotation, (deg mL) / (g dm), are implicit
and are not included with the reported value.

Spectra/Spectral Data. Important IR adsorptions should be given.

For all new diamagnetic substances, NMR data should be reported (*H, 13C, and relevant heteronuclei).
'H NMR chemical shifts should be given with two digits after the decimal point. Include the number of
protons represented by the signal, signal multiplicity, and coupling constants as needed (J italicized,
reported with up to one digit after the decimal). The number of bonds through which the coupling is
operative, *J, may be specified by the author if known with a high degree of certainty. **C NMR signal
shifts should be rounded to the nearest 0.01 ppm unless greater precision is needed to distinguish closely
spaced signals. Field strength should be noted for each spectrum, not as a comment in the general
experimental section. Hydrogen multiplicity (C, CH, CH2, CHs) information obtained from routine
DEPT spectra should be included. If detailed signal assignments are made, the type of NOESY or COSY
methods used to establish atom connectivity and spatial relationships should be identified in the
Supporting Information. Copies of spectra should also be included where structure assignments of
complex molecules depend heavily on NMR interpretation. Numbering system used for assignments of
signals should be given in the Supporting Information with corresponding general structural formula of
named derivative.

HPLC/LCMS can be substituted for biochemistry papers where the main focus is not on compound
synthesis.

HRMS/elemental analysis. To support the molecular formula assignment, HRMS data accurate within 5
ppm, or combustion elemental analysis [carbon and hydrogen (and nitrogen, if present)] data accurate
within 0.5 %, should be reported for new compounds. HRMS data should be given in format as is usually
given for combustion analysis: calculated mass for given formula following with observed mass: (+)ESI-
HRMS m/z: [molecular formula + H]* calculated mass, observed mass. Example: (+)ESI-HRMS m/z:
calculated for [C13HgBrCI2N + H*] 327.92899, observed 327.92792.

NOTE: in certain cases, a crystal structure may be an acceptable substitute for HRMS/elemental
analysis.

Biomacromolecules. The structures of biomacromolecules may be established by providing evidence
about sequence and mass. Sequences may be inferred from the experimental order of amino acid,
saccharide, or nucleotide coupling, from known sequences of templates in enzyme-mediated syntheses,
or through standard sequencing techniques. Typically, a sequence will be accompanied by MS data that
establish the molecular weight.

Example: Product was isolated upon column chromatography [dry flash (SiO2, eluent EA, EA/MeOH
gradient 95/5 — 9/1, EA/MeOH/NHj3 gradient 18/0.5/0.5 — 9/1/1, and flash chromatography (Biotage SP1,
RP column, eluent MeOH/H20 gradient 75/25 — 95/5, N-H column, eluent EA/Hex gradient 6/3 — EA).
was obtained after flash column chromatography (Biotage SP NH column, eluent hexane/EA 4:6 — 2:6).
Yield 968.4 mg (95 %). Colorless foam softens at 96-101 °C. [«]®; D = +0,163 (¢ =2.0x10" g/mL,
CHzClb). IR (ATR): 3376w, 2949m, 2868w, 2802w, 1731s, 1611w, 1581s, 1528m, 1452m, 1374s, 1331w,
1246s, 1171m, 1063w, 1023m, 965w, 940w, 881w, 850w, 807w, cm™. *H NMR (500 MHz, CDCls, §):
8.46 (d, 1H, J=5.4, H-2"), 7.89 (s, 1H, J = 2.0, H-8"), 7.71 (d, 1H, J = 8.9, H-5"), 7.30 (dd, 1H,
J1=8.8,J2=2.1, H-6%), 6.33 (d, 1H, J = 5.4, H-3"), 6.07 (s, HN-Boc, exchangeable with D20), 5.06 (s, 1H,
H-12), 4.92-4.88 (m, 1H, H-7), 4.42 (bs, H-3), 3.45 (s,CHs-N), 3.33 (bs, H-9°), 3.05-2.95 (m, 2H, H-11"),
2.70-2.43 (m, 2H, H-24) and HN, exchangeable with D20), 2.07 (s, CH3sCOO), 2.04 (s, CH3COO), 1.42 (s,
9H, (CHs)sC-N(Boc)), 0.88 (s, 3H, CH3-10), 0.79 (d, 3H,J = 6.6, CH3-20), 0.68 (s, 3H, CH3-13). 1*C NMR
(125 MHz, CDCls, §): 170.34, 170.27, 151.80, 149.92, 148.87, 134.77, 128.36, 125.11, 121.43, 117.29,
99.98, 75.41, 70.82, 50.43, 49.66, 47.60, 47.33, 44.97, 43.30, 41.83, 41.48, 37.65, 36.35, 35.44, 34.89,



34.19, 33.23, 31.24, 28.79, 28.35, 27.25, 26.45, 25.45, 22.74, 22.63, 21.57, 21.31, 17.85, 12.15. (+)ESI-

HRMS (m/z): calculated for [CasHes7CIN4Os + H]* 795.48219, observed 795.48185. Combustion analysis

for CasHe7CIN4Os: Calculated. C 67.94, H 8.49, N 7.04; found C 67.72, H 8.63, N 6.75. HPLC purity:

method A: RT 1.994, area 99.12 %; method C: RT 9.936, area 98.20 %.

Purity - Evidence for documenting compound purity should include one or more of the following:

a) Well-resolved high field 1D *H NMR spectrum showing at most only trace peaks not attributable to
the assigned structure and a standard 1D proton-decoupled 3C NMR spectrum. Copies of the spectra
should be included as figures in the Supporting Information.

b) Quantitative gas chromatographic analytical data for distilled or vacuum-transferred samples, or
quantitative HPLC analytical data for materials isolated by column chromatography or separation
from a solid support. HPLC analyses should be performed in two diverse systems. The stationary
phase, solvents (HPLC), detector type, and percentage of total chromatogram integration should be
reported; a copy of the chromatograms may be included as a figure in the Supporting Information.

¢) Electrophoretic analytical data obtained under conditions that permit observing impurities present at
the 5 % level.

HRMS data may be used to support a molecular formula assignment but cannot be used as a criterion
of purity.
4. Biological Data
Quantitative biological data are required for all tested compounds. Biological test methods must be
referenced or described in sufficient detail to permit the experiments to be repeated by others. Detailed
descriptions of biological methods should be placed in the experimental section. Standard compounds or
established drugs should be tested in the same system for comparison. Data may be presented as
numerical expressions or in graphical form; biological data for extensive series of compounds should be
presented in tabular form. Tables consisting primarily of negative data will not usually be accepted;
however, for purposes of documentation they may be submitted as supporting information. Active
compounds obtained from combinatorial syntheses should be resynthesized and retested to verify that the
biology conforms to the initial observation.

Statistical limits (statistical significance) for the biological data are usually required. If statistical limits

cannot be provided, the number of determinations and some indication of the variability and reliability of

the results should be given. References to statistical methods of calculation should be included. Doses
and concentrations should be expressed as molar quantities (e.g., mol/kg, pmol/kg, M, mM). The routes
of administration of test compounds and vehicles used should be indicated, and any salt forms used

(hydrochlorides, sulfates, etc.) should be noted. The physical state of the compound dosed (crystalline,

amorphous; solution, suspension) and the formulation for dosing (micronized, jet-milled, nanoparticles)

should be indicated. For those compounds found to be inactive, the highest concentration (in vitro) or
dose level (in vivo) tested should be indicated.

e The RESULTS AND DISCUSSION should include concisely presented results and there signi-
ficance discussed and compared to relevant literature data. The results and discussion may be
combined or kept separate.

e The inclusion of a CONCLUSION section, which briefly summarizes the principal conclusions, is
recommended.

o NOMENCLATURE is optional but, if the authors wish, a list of employed symbols may be included.

e REFERENCES should be numbered sequentially as they appear in the text. Please note that any
reference numbers appearing in the Illustrations and/or Tables and corresponding captions must
follow the numbering sequence of the paragraph in which they appear for the first time. When cited,
the reference number should be superscripted in Font 12, following any punctuation mark. In the
reference list, they should be in normal position followed by a full stop. Reference entry must not be
formatted using Carriage returns (enter key; < key) or multiple space key. The formatting of
references to published work should follow the Journal’s style as follows:



Journals®;  A. B. Surnamel, C. D. Surname2, J. Serb. Chem. Soc. Vol (Year) first page Number
(https://doi.org/doi)°

Books: A. B. Surnamel, C. D. Surname2, Name of Book, Publisher, City, Year, pp. 100-101
(https://doi.org/doi)°

Compilations:A. B. Surnamel, C. D. Surname2, in Name of Compilation, A. Editorl, C. Editor2, Ed(s).,
Publisher, City, Year, p. 100 (https:/doi.org/doi)°

Proceedings: A. B. Surnamel, C. D. Surname2, in Proceedings of Name of the Conference or
Symposium, (Year), Place of the Conference, Country, Title of the Proceeding, Publisher,
City, Year, p. or Abstract No. 100

Patents: A. B. Inventorl, C. D. Inventor2, (Holder), Country Code and patent number (registration
year)

Chemical A. B. Surnamel, C. D. Surname2, Chem. Abstr. CA 234 567a; For non-readily available

Abstracts: literature, the Chemical Abstracts reference should be given in square brackets: [C.A.

139/2003 357348t] after the reference
Standards:  EN ISO 250: Name of the Standard (Year)

Websites:  Title of the website, URL in full (date accessed)

& When citing Journals, the International Library Journal abbreviation is required. Please consult, e.g.,
https://images.webofknowledge.com/WOK46/help/WOS/A_abrvjt.html

® doi should be replaced by doi number of the Article, for example: http://dx.doi.org/10.2298/JSC161212085B (as
active link). If doi do not exist, provide the link to the online version of the publication.

Only the last entry in the reference list should end with a full stop.

The names of all authors should be given in the list of references; the abbreviation et al. may only
be used in the text. The original journal title is to be retained in the case of publications published in any
language other than English (please denote the language in parenthesis after the reference). Titles of
publications in non-Latin alphabets should be transliterated. Russian references are to be transliterated
using the following transcriptions:

k—zh, x—kh, n—ts, y—ch, mr—sh, m—shch, 1>y, 0—yu, 1s—ya, 3—e, ii—i, b—’.

Supplementary material

Authors are encouraged to presentthe information and results non-essential to the understanding of
their paper as SUPPLEMENTARY MATERIAL (can be uploaded inStep 4 of Online Submission). This
material may include as a rule, but is not limited to, the presentation of analytical and spectral data
demonstrating the identity and purity of synthesized compounds, tables containing raw data on which
calculations were based, series of figures where one example would remain in the main text, etc. The
Editorial Board retain the right to assign such information and results to the Supplementary material
when deemed fit. Supplementary material does not appear in printed form but can be downloaded from
the web site of the JSCS.

Mathematical and chemical equations should be given in separate lines and must be numbered,
Arabic numbers, consecutively in parenthesis at the end of the line. All equations should be embedded in
the text Complex equations (fractions, integrals, matrix...) should be prepared with the aid of the
Microsoft Equation 3.0 (or higher) or MathType (Do not use them to create simple equations and labels).
Using the Insert -> Equation option, integrated in MS Office 2010 and MS Office 2013, as well as
insertion of equation objects within paragraph text IS NOT ALLOWED.

Deposition of crystallographic data

Prior to submission, the crystallographic data included in a manuscript presenting such data should
be deposited at the appropriate database. Crystallographic data associated with organic and metal-organic
structures should be deposited at the Cambridge Crystallographic Data Centre (CCDC) by e-mail to
deposit@ccdc.cam.ac.uk

Crystallographic data associated with inorganic structures should be deposited with the
Fachinformationszentrum Karlsruhe (FIZ) by e-mail to crysdata@fiz-karlsruhe.de. A deposition
number will then be provided, which should be added to the reference section of the manuscript.

For detailed instructions please visit the JSCS website:
https://www.shd-pub.org.rs/index.php/JSCS/Instructions
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ARTWORK INSTRUCTIONS

JSCS accepts only TIFF or EPS formats, as well as JPEG format (only for colour and
greyscale photographs) for electronic artwork and graphic files. MS files (Word, PowerPoint,
Excel, Visio) NOT acceptable. Generally, scanned instrument data sheets should be avoided.
Authors are responsible for the quality of their submitted artwork. Every single Figure or
Scheme, as well as any part of the Figure (A, B, C...) should be prepared according to following
instructions (every part of the figure, A, B, C..., must be submitted as an independent single
graphic file):

TIFF
Virtually all common artwork and graphic creation software is capable of saving files in
TIFF format. This ‘'option' can normally be found under ‘the 'Save As..." or 'Export..."
commands in the 'File' menu.
TIFF (Tagged Image File Format) is the recommended file format for bitmap, greyscale
and colour images.
=  Colour images should be in the RGB mode
=  When supplying TIFF files, please ensure that the files are supplied at the correct
resolution:
1. Line artwork: minimum of 1000 dpi
2. RGB image: minimum of 300 dpi
3. Greyscale image: minimum of 300 dpi
4. Combination artwork (line/greyscale/RGB): minimum of 500 dpi
= Images should be tightly cropped, without frame and any caption.
= |If applicable please re-label artwork with a font supported by JSCS (Arial, Helvetica,
Times, Symbol) and ensure it is of an appropriate font size.
= Save an image in TIFF format with LZW compression applied.
= Itis recommended to remove Alpha channels before submitting TIFF files.
= Itis recommended to flatten layers before submitting TIFF files.

Please be sure that quality of an image cannot be increased by changing the resolution
from lower to higher, but only by rescanning or exporting the image with higher resolution,
which can be set in usual "settings" facilities.

EPS
Virtually all common artwork creation software, such as Canvas, ChemDraw, CorelDraw,
SigmaPlot, Origin Lab..., are capable of saving files in EPS format. This ‘option' can normally
be found under the 'Save As..." or 'Export...' commands in the 'File' menu.
For vector graphics, EPS (Encapsulated PostScript) files are the preferred format as long as
they are provided in accordance with the following conditions:
= when they contain bitmap images, the bitmaps should be of good resolution (see
instructions for TIFF files)
= when colour is involved, it should be encoded as RGB
= an 8-bit preview/header at a resolution of 72 dpi should always be included
= embed fonts should always included and only the following fonts should be used in
artwork: Arial, Helvetica, Times, Symbol
= the vertical space between the parts of an illustration should be limited to the bare
necessity for visual clarity
» no data should be present outside the actual illustration area
= line weights should range from 0.35 pt to 1.5 pt
= when using layers, they should be reduced to one layer before saving the image (Flatten
Artwork)



JPEG

Virtually all common artwork and graphic creation software is capable of saving files in JPEG format.
This 'option’ can normally be found under ‘the 'Save As..." or 'Export..." commands in the 'File' menu.

JPEG (Joint Photographic Experts Group) is the acceptable file format only for colour and
greyscale photographs. JPEG can be created with respect to photo quality (low, medium, high; from 1
to 10), ensuring file sizes are kept to a minimum to aid easy file transfer. Images should have a minimum
resolution of 300 dpi. Image width: minimum 3.0 cm; maximum 12.0 cm.

Please be sure that quality of an image cannot be increased by changing the resolution from
lower to higher, but only by rescanning or exporting the image with higher resolution, which can
be set in usual *"settings™ facilities.

SIZING OF ARTWORK

= JSCS aspires to have a uniform look for all artwork contained in a single article. Hence, it is
important to be aware of the style of the journal.

= Figures should be submitted in black and white or, if required, colour (charged). If coloured
figures or photographs are required, this must be stated in the cover letter and arrangements
made for payment through the office of the Serbian Chemical Society.

= As a general rule, the lettering on an artwork should have a finished, printed size of 11 pt for
normal text and no smaller than 7 pt for subscript and superscript characters. Smaller
lettering will yield a text that is barely legible. This is a rule-of-thumb rather than a strict
rule. There are instances where other factors in the artwork, (for example, tints and shadings)
dictate a finished size of perhaps 10 pt. Lines should be of at least 1 pt thickness.

= When deciding on the size of a line art graphic, in addition to the lettering, there are several
other factors to address. These all have a bearing on the reproducibility/readability of the
final artwork. Tints and shadings have to be printable at the finished size. All relevant detail
in the illustration, the graph symbols (squares, triangles, circles, etc.) and a key to the
diagram (to explain the explanation of the graph symbols used) must be discernible.

= The sizing of halftones (photographs, micrographs,...) normally causes more problems than
line art. It is sometimes difficult to know what an author is trying to emphasize on a
photograph, so you can help us by identifying the important parts of the image, perhaps by
highlighting the relevant areas on a photocopy. The best advice that can be given to graphics
suppliers is not to over-reduce halftones. Attention should also be paid to magnification
factors or scale bars on the artwork and they should be compared with the details inside. If a
set of artwork contains more than one halftone, again please ensure that there is consistency
in size between similar diagrams.

General sizing of illustrations which can be used for the Journal of the Serbian Chemical
Society:

= Minimum fig. size: 30 mm width

= Small fig. size - 60 mm width

= Large fig. size - 90 mm width

=  Maximum fig. size - 120 mm width

Pixel requirements (width) per print size and resolution for bitmap images:

Image width A B C
Minimal size 30 mm 354 591 1181
Small size 60 mm 709 1181 2362
Large size 90 mm 1063 1772 3543
Maximal size 120 mm 1417 2362 4724

A: 300 dpi > RGB or Greyscale image
B: 500 dpi > Combination artwork (line/greyscale/RGB)
C: 1000 dpi> Line artwork



The designation of physical quantities and graphs formatting

The designation of physical quantities on figures must be in italic, whereas the units are in
upright letters. They should be in Times New Roman font. In graphs a slash should be used to
separate the designation of a physical quantity from the unit (example: p / kPa, t °C, To/K,
z/h, In (j/ mA cm?)...). Designations such as: p (kPa), t [min]..., are not acceptable. However,
if the full name of a physical quantity is unavoiable, it should be given in upright letters and
separated from the unit by a comma (example: Pressure, kPa, Temperature, K...). Please do not
use the axes of graphs for additional explanations; these should be mentioned in the figure
captions and/or the manuscript (example: “pressure at the inlet of the system, kPa” should be
avoided). The axis name should follow the direction of the axis (the hame of y-axis should be
rotated by 90°). Top and right axes should be avoided in diagrams, unless they are absolutely
necessary. Decimal numbers must have decimal points and not commas in the axis labels in
graphical presentations of results. Thousands are separated, if at all, by a comma and not a point.
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Polymeric nanocomposites for innovative functional
enhancement of electrodes and proton exchange membrane
in microbial fuel cell
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Abstract: Practical application of microbial fuel cell (MFC), a sustainable
energy device, is hampered by low power output. Its principal components i.e.,
anode, cathode and proton exchange membrane (PEM) are the focus of enhan-
cement and modification in terms of their functional design and material. The
anode surface conduciveness as electron sink is crucial to the power output
magnitude, while the cathode electrode should be reactive for efficient oxygen
reduction at tri-phase junction. PEM is solely responsible for unidirectional
proton flow concomitantly completing the electrical circuit. Polymeric nano-
composites as electrode modifier improved significantly anode/cathode/PEM
functions thus overall MFC performance. The review highlights the progress
made in polymer-based modifications to anode, cathode and PEM material and
function between year 2014 to 2019. The effects to biocompatibility, surface
area, internal resistance, electrochemical activities, environmental sustainabil-
ity and overall MFC performance are discussed.

Keywords: anode; cathode; proton exchange membrane; microbial fuel cell;
polymeric nanocomposites.
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2 SIRAJUDEEN and ANNUAR

4.1. Cathode modification with polymeric nanomaterials

5. PROTON EXCHANGE MEMBRANE (PEM)
5.1. Polyether ether ketone (PEEK) nanocomposites as PEM
5.2. Nafion nanocomposites as PEM
5.3. Chitosan and polyester nanocomposites as PEM
5.4. Ceramics and polyethersulfone (PES) nanocomposites
5.5. Nanocomposites of other materials as PEM

6. CONCLUSION

1. INTRODUCTION

The increase in global energy demand due to expanding population and
vigorous industrialization has resulted in the search for alternative energy sources
that are renewable and ecologically friendly. Energy from fossil fuel are non-
-renewable, fast depleting and polluting from environmental perspectives. Alter-
native energy sources, which are green and renewable such as hydrogen fuel,!
biodiesel,? bioethanol3 and microbial fuel cell (MFC),* are among the focus of
intensive research. One of the many possible solutions lies with non-combustion
method such as microbial fuel cell. An MFC is a sustainable, promising and nas-
cent energy generation device that combines electricity generation and waste-
water treatment through metabolic activities of microorganisms such as Esche-
richia coli, Geobacter sulfurreducens and Shewanella oneidensis.>-0 Its basic
design is a two-chambered MFC consists of anode and cathode chambers, and a
selective membrane designated as proton exchange membrane (PEM), Fig. 1.
Typical anolyte compositions include wastewater, glucose, phosphate buffer,
specifically-prepared anolyte containing appropriate amounts of KoHPOy,
KH,>POy4, NaCl,, NaHCOj3, NH4Cl, MgS04-7H,0, CaCly-2H,0 and trace ele-
ment. Commonly utilized catholyte include phosphate buffer solution, ferricya-
nide solution, HoO; amongst others. In anode compartment, electrons and hydro-
gen ions are liberated by the electrogens from biological oxidation of organic
matters.” The electrons are transferred to the cathode chamber via electrical cir-
cuit and the protons pass through PEM for oxygen reduction reaction on the
cathode surface, thus completing the redox mechanism.”-8 By-products are also
produced, e.g., hydrogen peroxide (H,0,)? and caustic potash (KOH)!0:11 at the
cathode chamber (Fig. 1).

The two known mechanisms utilized by electrogens for electron transfer to
anode surface are direct electron transfer through conductive pili or cytochrome ¢
(commonly used by G. sulfurreducens and S. oneidensis), and mediated electron
transfer through secreted redox mediators (commonly used by E. coli). Modific-
ation of the anode electrode with polymeric nanocomposites has been reported to
reduce internal resistance and improve overall MFC performance arising from
more efficient extracellular transfer of electrons to the anode surface.!2-16 A
detail review article addressing anode modifications for improved MFC perform-
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POLYMERIC NANOCOMPOSITION IN MICROBIAL FUEL CELL 3

ance has been presented by Hindatu et al.!2 Recent anode modifications with
polymeric nanomaterials are discussed herewith.

3 Anaerobes /1\

W Anolyte
Catholyte

O, from air

¢ = Catalyst

Oxidation of
potassium
acetate by
anaerobes

0, +2e +2H" > H,0,
H,0, + 2e + 2H* - 2H,0

Proton exchange membrane

Fig. 1. Schematic overview of a double-chambered MFC.

2. ANODE MODIFICATION WITH POLYMERIC NANOMATERIALS

The anode chamber structure and function are a vital part of MFC set-up.
Electrochemically-active bacteria oxidize organic matter liberating electrons and
protons in the process. Efficient transfer of electrons to anode surface is crucial to
the power output, hence generating overall MFC performance. An efficient anode
electrode should support for maximum biofilm colonization and with high affi-
nity as an electron sink. Electrical conductivity, durability and stability, large sur-
face area and porosity amongst others are primary characteristics of a working
anode electrode in MFC.17-19 Carbon-based nanomaterials have been reported to
satisfy these requirements to some extent. However, the hydrophobic nature of
these materials strongly hinders maximum bacterial colonization of anode elec-
trode.2021 As such, polymeric nanocomposites of polyesters, conducting poly-
mers and polysaccharides have been studied as anode electrode modifier with
some degree of success as discussed in the following sections.

3. NANOCOMPOSITES OF CONDUCTING POLYMERS
3.1. Polypyrrole (PPy)

One widely studied conducting polymer for MFC application is polypyrrole
(PPy). Kaur ef al.?2 modified the surface of carbon paper with both pristine and
functionalized PPy. The PPy-modified electrode improves the voltage output, the
start-up time and stability of maximum voltage generated. Further modification
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of PPy with reduced graphene oxide (rGO) nanocomposites (Fig. 2) doubled the
power density and recorded a maximum voltage of 400 mV for about 75 h attri-
buted to superior biofilm growth on the modified electrode.?3

rGO/PPY

Fig. 2. Proposed mechanism for the pre-

paration of the rGO/PPy composite (repro-

U Electrostatic mteraction  dUced from?3 with permission from Amer-
W 7 interaction ican Chemical Society).

One-step electrochemical method is recently employed by Li e al.24 to syn-
thesize PPy nanowires and composited it with graphene oxide (GO). The modi-
fied anode electrode exhibits functionally superior surface area, improved power
density and higher open circuit voltage (OCV). The performance of stainless
steel (SS) is significantly enhanced when layered with PPy.25 It results in power
density increase of 29-times higher than bare SS anode electrode and a maximum
voltage of 547 mV compared to bare SS anode electrode (76 mV).25

3.2. Polyaniline (PANI)

PANI is another conducting polymer widely utilized as anode modifier. Cyc-
lic voltammetry (CV) method has been employed in preparing PANI composited
with multi-walled carbon nanotube (MWCNT) through electropolymerization.26
Maximum voltage of almost one volt is recorded with power density of 286
mW/m2. Bifunctional catalyst of graphene (G) and TiO, with PANI on carbon
paper (CP) enhances the performance of MFC.27 The modified electrode shows
nearly triple higher power density than plain CP. The internal resistance is red-
uced by half with the modified electrode set-up. The superior performance is
attributed to efficient extracellular electron transfer to anode from favorable colo-
nization of the anode by the bacteria (Fig. 3). Recently, Li et al.28 modified
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carbon cloth (CC) electrode surface in situ using PANI composited with titanium
suboxide (TS) and graphene nanoparticles.

g o
L s . Vs i
15.8kV XS.00K 6.00rm 15.08kV X15.8K 2.08»sm

Fig. 3. Shewanella oneidensis MR1 morphology enclosed within the matrix of the
PANI-TiO,—GN catalyst at higher and lower magnifications. The red arrows indicate the
nanowires of Shewanella oneidensis MR1 (reproduced from?’ with permission from
American Chemical Society).

Longevity in maximum voltage output in modified electrode is evidenced
with 13-fold increase in power density compared to bare CC. About 70 % dec-
rease in internal resistance is recorded in PANI-TSG/CC electrode set-up. Simi-
larly, Yellappa et al.2® synthesized PANI and PANI/CNT nanoparticles through
in situ oxidative chemical polymerization, and applied over stainless steel mesh
(SSM) surface for wastewater treatment. PANI/CNT-SSM electrode yields 80 %
chemical oxygen demand (COD) removal while 65 % is recorded for PANI-SSM
and 58 % for bare SSM. Higher OCV is also recorded for polymeric modified
electrodes compared to bare SSM. The superiority in PANI/CNT-SSM electrode
is attributed to enhanced charge transfer due to incorporation of CNT, which
subsequently promotes better conductivity between biocatalyst and anode sur-
face. The studies of Yin et al.30 have shown a synergistic effect between TiO;
nanosheets (TiN) and PANI through electrochemical deposition of PANI onto
TiN, at different CV cycles. Maximum power density up to 63.6 % increase is
recorded for PANI deposited through 20 CV cycles. Lowest charge transfer res-
istance is also recorded by the modified electrode with 20 CV cycles.

3.3. Poly(3,4-ethylene dioxythiophene) (PEDOT)

PEDOT is a derivative of polythiophene with superior conductivity com-
pared to PPy and PANI,3! also has potential as excellent electrode modifier in
MFC. Ma et al.32 modified the surface of SS with PEDOT through electrochem-
ical polymerization method. PEDOT/SS electrode recorded six-fold increase in
power density compared to bare SS electrode. The current density recorded
during MFC operation leveled off at 1150 mA/m? for PEDOT/SS compared to
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210 mA/m? for SS electrode (Fig. 4). The efficiency of PEDOT/SS electrode is
attributed to dense and conductive film formed on SS plate which not only
prevent SS base from biogenic and chemical corrosion, but also improve the
electron transport rate to anode.

1400{ ——SS
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Fig. 4. Power generation in MFCs with an external resistance of 1000 Q (reproduced from?32
with permission from American Chemical Society).

Recently, Senthikumar et al.33 modified PEDOT with nickel ferrite nano-rod
on biochar as a free-standing electrode. A maximum power density of 1200
mW/m?2 is recorded, i.e., five times higher than control (ferric oxide on biochar).
Further modification of PEDOT polymer matrix with nanoparticles of nickel and
rGO (PEDOT/Ni/rGO) results in a power density up to 3200 mW/m? and imp-
rove internal resistance and OCV.34 The improved performance of modified elec-
trode is due to homogenous dispersion of the nanoparticles within PEDOT matrix
and enhanced biocompatibility between biocatalyst, i.e., E. coli and PEDOT/Ni/
/rGO electrode surface.

3.4. Nanocomposites of polyesters

Polymers with ester functional groups in their main chain are classified as
polyesters. Due to their biocompatibility, biodegradability, piezoelectricity, elas-
ticity, durability and resistivity to most chemicals, polyesters have been recently
used as anode electrode modifier. Its first utilization in MFC is reported by Luck-
arift et al.35 when 3-polyhydroxybutyrate-co-3-hydroxyvalerate (PHBV) is com-
posed with carbon nanofiber by solvent casting method (Fig. 5). Superior biofilm
colonization of the modified anode surface results in efficient bioelectrocatalysis,
stability and reproducibility in electrolyte with significant power density gener-
ation compared to previously reported graphite felt electrode. Hindatu et al*
reported the utilization of flexible medium-chain-length polyhydroxyalkanoates
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(mcl-PHA) composed of multi-walled carbon nanotube (MWCNT) as CC surface
modifier. Maximum power density up to 53 % increase, internal resistance red-
uction of 31 % and improved maximum voltage of 50 % are recorded for mcl
PHA-MWCNT composite modified electrode compared to pristine CC electrode.
Interestingly, further modification of CC surface with amphiphilic mcl-PHA-co-
-polyethylene glycol methacrylate/ MWCNT composite (mcl-PHA-co-PEGMA/
/MWCNT) further reduce the internal resistance by 97 %, improve the maximum
voltage by 75 %, and 74 % enhancement in maximum power density.!3 It is
hypothesized that the superiority in mcl-PHA-co-PEGMA/MWCNT electrode
originates from its better biocompatibility and synergistic relationship between
the Escherichia coli biocatalyst and the modified anode surface. Recently, Sir-
ajudeen et al. 1 modified the surface of purified CC with amphiphilic mcl-PHA-
-co-methyl acrylate composed of functionalized MWCNT as electrode modifier.
The modified anode electrode shows improved conductivity, superior redox
peak, stable and elevated voltage and enhanced power and current densities, attri-
buted to improved electron transfer rate on modified anode surface.!® Polycapro-
lactone (PCL) nano- and micro-fibers have also been composed of gold particles
and utilized as anode modifier.3¢ While high activation loss and high internal
resistance are reported, the modified electrode, nonetheless, shows an improved
stability of maximum voltage at 600 mV up to 10 days MFC operation. Also, the
micro-fiber composite exhibits two-fold increase in power and current densities
compared to nano-fiber composite.

Fig. 5. Visual representation of polymeric nanocomposite fabrication (a). A mold used to:
b) pack sucrose/CF around a nickel mesh, c) sucrose/CF scaffold inserted with polymer and
d) dissected electrode to reveal the porous scaffold after sucrose removal; ¢) magnified
scaffold with similar size to the original particle indicated by yellow lines; f) scaffold
connected with carbon fibers (reproduced from33 with permission from
American Chemical Society).
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3.5. Nanocomposites of polysaccharides

Polysaccharide nanocomposites have been reported as anode modifier. The
effects of different nanocomposites viz. magnesium and graphite composed
alongside chitin particles were investigated.3” Maximum power density of 1872
mW/m? is recorded in magnesium/chitin composite. Chitin supplement is res-
ponsible for 121 % increase in magnesium anode, and 164 % increase in graphite
anode. The improvement, by chitin-supplemented anode, is attributed to the
active growth of bacterial communities on anode surface encouraged by the org-
anic carbon source. A conductive carbon nanotube hydrogel, composed of chito-
san, is layered onto carbon paper (CP) surface and applied as anode electrode
(Fig. 6).38 A current density peak of 500 mA/m? is recorded for hydrogel modi-
fied electrode at a power density of 132 mW/m?2, compared to raw CP electrode
(150 mA/m? of current density). Coulombic efficiency (CE) of 32 % is reported
for CNT-hydrogel modified electrode while 19 % CE for the control. It is sug-
gested that the presence of oxygen-containing functional groups of C=0O and
C=0H are responsible for high conductivity of the modified electrode. Similarly,
Mottet et al.3% constructed a conductive composite hydrogel made up of alginate
and carbon nanotube. The new electrode shows high compatibility with biocat-
alyst and better conductivity.
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Fig. 6. Visual representations of: a)
CNT-hydrogel electrode preparation,
b) bubbles generated during the dep-
osition process, c¢) CNT-hydrogel
layered on carbon paper, d) SEM
images of carbon paper and e) CNT-
-hydrogel/carbon paper composite
(reproduced from3® with permission
e — 2 1m from American Chemical Society).
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3.6. Nanocomposites of other polymers

Temperature responsive polymer of poly-N-isopropylacrylamide (PNIPAM)
has been investigated as anode modifier by Kumar et al.40 PNIPAM prepared
with CNT and GO nanoparticles is subsequently structured into hydrogel (Table
I). Pristine PNIPAM electrode records a power density peak of 43 mW/m? at a
current density of 453 mA/m2. The incorporation of CNT into PNIPAM matrix
results in six-fold increase of power density, i.e., 264 mW/m?2 at a current density
of 2502 mA/m2. Further modification with GO nanoparticles results in signific-
ant increase in both power and current densities at 434 mW/m?2 and 3603 mA/m?2,
respectively. The decrease in charge transfer resistance of PNIPAM is attributed
to synergistic interaction between two highly conductive nanoparticles, viz. CNT
and GO that concomitantly improve the MFC performance with a longevity of
more than 300 h. Recently, Chen et al.#! reported hydrogel formation of poly-
acrylamide (PAM) with rGO and graphite brush (GB) as current collector through
in situ polymerization method, followed by reduction with ascorbic acid. The
PAM/rGO/GB electrode records 34.8 % increase in maximum power density
compared to GB anode. Superiority in CE is observed for PAM/rGO/GB elec-
trode at 35.6 % compared to GB electrode (21.1 %). Close proximity of the bio-
film to anode surface as well as large surface area afforded by modified electrode
are suggested to be responsible for the enhanced MFC performance. Polymeric
derived ceramics (PDC) route has been employed in making a highly conductive
hydrophilic polymeric nanocomposite of polymethylsilsesquioxane and poly-
(methyl-phenylsilsesquioxane) composed of graphite and carbon black.4?2 The

TABLE I. Typical anode materials, polymer and carbon loadings for anode modification

Anode material Type of polymer loading Type of C/metal loading Reference
rGO PPy Graphite powder Kumar et al.?3
Nickel plate PPy nanowires GO Lietal?*

CcC PANI MWCNT Wang et al.26
CP PANI Graphene/TiO, Han et al.?’
CcC PANI Graphene/Ti O Lietal?®
SSM PANI CNT Yellappa et al.?®
CP PANI TiO, nanosheet Yin et al.3°
Biochar PEDOT Nickel ferrite nanorod ~ Senthilkumar et al.33
SS PEDOT Graphene/Nickel Hernandez et al.3*
CC mcl-PHA MWCNT Hindatu et al.*
CcC mcl-PHA/PEGMA MWCNT Yusuf et al.!3
CpP PCL CNT/CNF/Gold Fraiwan et al.3¢
CcC mcl-PHA/Methyl acrylate MWCNT Sirajudeen et al.'®
CC Chitin Graphite/Magnesium Jung et al.37
CP Chitosan CNT Liu et al.38
cC PNIPAM Graphene/CNT Kumar et al.*0
Graphite brush Polyacrylamide GO Chen et al. ¥
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novel anode material records two-fold increase in power density (211 mW/m?2)
compared to carbon felt anode (111 mW/m?). When the MFC system is applied
for wastewater treatment, similar COD removal rate and CE are recorded for
modified and pristine anode electrodes. The high specific surface area of the
modified anode as well as its porous structure results in superior biocompatibility
as evidenced by extensive biofilm growth on the electrode surface, and
consequently improve electron transfer process.42

4. CATHODE MODIFICATION

Although MFC is a clean, sustainable, renewable and earth-friendly elec-
tricity generating device, low power output generated by the technology hampers
its widespread practical applications.12 To tackle this issue, the cathode electrode
that determines catalytic activities of terminal electron acceptors, is a rational
target to be modified accordingly. The primary challenge in fabricating an effec-
tive cathode electrode is keeping its surface highly conductive and catalytically-
active for a prolonged period of MFC operation.*3 A practical cathode electrode
should also be inexpensive and readily available,** easy to fabricate,4>-4¢ electro-
catalytically efficient47 and stable in catholyte.#8 Factors such as concentration of
protons,¥8-50 electrode spacing,>! and electrode surface area? are known to
affect electrocatalytic activities of the cathode electrode. Some commonly util-
ized materials and their respective loadings when applied as a component to
improve electrocatalytic function of a cathode are carbon nanotube (5 mg/cm?),4
KMnOy4 (2 mg/cm?), platinum (0.048 mg/cm?)20 amongst others. An extensive
review on carbon-based polymer nanocomposites as cathode electrode material
for MFC is provided by Jafary er al.20 Significant improvements are evidenced in
polymer-based modification of cathode electrodes compared to bare electrode
materials. The development of a stable, efficient, polymer-based (modified) cath-
ode electrode that enhances interfacial electrochemical reaction will significantly
increase the power output of MFC, and a step closer towards its adoption in
various applications.

4.1. Cathode modification with polymeric nanomaterials

Ahmad et al.53 constructed MFC setup with PANI nanofibers prepared with
carbon black. Higher electrochemical activities, with power density improvement
up to 2.7-fold increase, is obtained with the composite cathode compared to pris-
tine PANI (control). Although the power density is still lower than Pt-based elec-
trode, the environmental-friendly polymeric composite is economically feasible
when considering large-scale applications. Sulfonated PANI (SPANI), composed
of highly efficient bimetallic nanocomposites of 1:1 nickel (Ni) and cobalt (Co),
is investigated by Papiya et al.5* for cathode electrode modifier. Spectroscopic
analyses indicate the nanocomposites to be well distributed on the supporting
matrix. When compared with the controls, the highest catalytic activity is obs-
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erved in SPANI/Ni-Co electrode with a maximum power density at 659 mW/m?
relative to Pt-based electrode at 483 mW/m2. Incorporation of highly functional
nanoparticles of graphene and TiO; into PANI matrix to enhance the reduction of
oxygen at cathode has also been reported.2’ The ternary nanocomposite exhibited
superior rate of oxygen reduction activity compared to controls (pristine PANI
and PANI/TiO; electrodes).

Polypyrrole (PPy) is another conducting polymer that has been utilized as
cathode modifier. A solvothermal method is employed to synthesize a novel
composite of manganese, PPy and carbon nanotube.55 The composite demon-
strated efficiency and stability as cathode catalyst for oxygen reduction reaction.
A power density peak of 213 mW/m? at a material loading rate of 2 mg/cm? is
recorded, comparable to platinum/carbon black composite electrode. Further
modification of PPy polymer matrix with MnO,/CNT composite using cost-
-effective hydrothermal method results in an improved maximum power density
of 721 mW/mZ2.56 Improved long-term stability of the composite electrode com-
pared to Pt/C electrode is also reported, making the electrode an alternative to
Pt/C electrode for sustainable energy generation.

A single-chambered MFC has been developed by coating the air-facing side
with poly(dimethylsiloxane) prepared with nitrogen-doped nickel nanoparticles
and carbon nanofibers. The polymer-metal-carbon nanocomposite shows high
efficiency in oxygen reduction reaction in MFC, serving as an ideal alternative to
potentially harmful Pt-based and Nafion electrode.5” Ong et al.>8 recently have
synthesized a polymeric cathode composed of polyvinylpyrrolidone/carbon nano-
tube/manganese oxide (P/MnO,/CNT) for air cathode MFC. Electrochemical
analyses reveal higher oxygen reduction reaction activities with low charge trans-
fer resistance compared to control electrodes of MnO, and MnO,/CNT. When
utilized in MFC, a maximum power density of 91 mW/m? is recorded, which is
significantly higher than MnO,/CNT catalyst (72 mW/m?), MnO, catalyst (36
mW/m?) and CNT catalyst (29 mW/m?). Also, relatively high COD removal per-
centage of 74 % is recorded for the P/MnO,/CNT electrode.

One of the most recent modifications involving polymeric cathode nanocom-
posite utilizes polysaccharide-carbon composite. A bacterial cellulose doped with
particles of phosphorus and copper is used as cathode catalyst in MFC59 (Fig. 7).
A three-dimensional structure with extensive large surface area is fabricated.
Improvement in the catalytic activity of the polymeric nanocomposite is attri-
buted to the increase in active sites from Cu and P doping.

A maximum power density of 1177 mW/m?2 at a current density of 6730
mA/m? is recorded, significantly higher than Pt-based electrode (1044 mW/m? at
a current density of 6020 mA/m?). A five-fold increase in power density is obs-
erved when a cathode electrode is modified with a dual-doped carbon derived
from chitosan.®® Improved internal resistance, high open circuit voltage as well
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as large surface area of about 982 m?/g, resulting in better oxygen mass transfer
are attributed to better performance in the nitrogen- and phosphorus-doped
electrodes.
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Fig. 7. Schematic diagram of bacterial cellulose doped with phosphorus and copper via
freeze-drying and high-temperature pyrolysis (reproduced from>® with permission
from Elsevier).

5. PROTON EXCHANGE MEMBRANE (PEM)

The primary function of PEM in MFC is to separate the anode and cathode
electrolytes, and simultaneously allow for maximum proton (H) passage from
anode to cathode chamber. However, high cost and environmentally detrimental
nature of some widely utilized PEM warrant for the development of alternative,
efficient, readily available, economical, and environmental friendly PEMs. The
recent advancements in PEM fabrication for MFC application are discussed in
the following sections.

5.1. Polyether ether ketone (PEEK) nanocomposites as PEM

Quaternized PEEK (QPEEK) and sulfonated PEEK (SPEEK) are fabricated
and utilized as anion and cation exchange membranes, respectively.®! Superiority
of QPEEK as exchange membrane is observed with maximum power density of
603 mW/m?2 and CE of 76 % compared to SPEEK (458 mW/m? and 61 %).
SPEEK allows for more cation transport instead of protons, and exhibits high pH
gradient. It results in the formation of chemical precipitate on cathode surface
and subsequently, high internal resistance and MFC deterioration. SPEEK mem-
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branes are fabricated with different degrees of sulfonation (DS) (20.8, 41, 63.6
and 76 %) for MFC application.92 SPEEK with 63.3 % DS exhibits the highest
power density (68.64 mW/m?2), COD removal (91 %) and CE (26 %). Although
power density generation is still lower than Nafion membrane (74.8 mW/m?),
cost estimation suggests that the utilization of SPEEK with 63 % DS is a feasible
alternative due to high power generation per cost. Further modification of the
SPEEK membrane with hybridization of polysulfone (PS) at lower and higher
DS for desalination and power generation has also been investigated.®3 The deg-
ree of porosity of the modified membrane is in direct proportion to DS as shown
in Fig. 8. The amphiphilic hybrid membrane with 29 % DS exhibits the highest
power density and significantly high NaCl (62 %) and MgSO4 (68 %) rejection
rate notwithstanding lower than PS/SPEEK (76 %) for NaCl (67 %) and MgSO4
(81 %) rejection rate. Particles of silicotungstic acid are entrapped into the matrix
of SPEEK through phase inversion method.®4 The hybrid composite membrane
shows reduced oxygen gas crossover, which results in four-fold increase in the
generation of maximum power density compared to Nafion membrane.

As 82
EHT= 5030 WOs SSmm

Fig. 8. SEM images of: a) surface of PS, b) surface of PS/SPEEK (29 %), c) surface of
PS/SPEEK (76 %), d) cross section of PS, e) cross section of PS/SPEEK (29 %) and
f) cross section of PS/SPEEK (76 %) (reproduced from® with permission from Elsevier).
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5.2. Nafion nanocomposites as PEM

While neat Nafion is the most utilized PEM in MFC, enhancement of its per-
formance through composites of nanoparticles has also been investigated. Angi-
oni et al.%> modified Nafion membrane with functionalized SB-15 silica. Func-
tionalization is done with SO3H group and applied as PEM in an extended MFC
operation. Nafion-based SB-15 composite of 15 mass % is found to exhibit maxi-
mum power density, three times higher than neat Nafion after three months of
MFC operation. The same membrane offers high resistivity to biofouling, high
COD removal of 95 % after 14 days and also improve CE recovery of 34 %. The
efficiency of the modified PEM is attributed to the presence of the silica-based
SO3H functionalized filler. Bajestani et al.%¢ investigated the effects of different
solvents in a process where Nafion is composited with TiO, through solvent cast-
ing method. Nafion composite with dimethylformamide (DMF) solvent yields the
highest OCV, proton conductivity and the highest membrane porosity. Alumina
nanoparticles (AlyO3) ranging 5-20 mass % are incorporated within the matrix of
sulfonated poly-(vinylidene fluoride-hexafluoropropylene) (PVDF-co-HFP)
blended with Nafion at different molar ratios.®” Increase in water uptake is obs-
erved with increased incorporation of Al,O3 nanoparticles. Membrane with 5
mass % nano Al,O3 shows superior proton conductivity and improved maximum
power and current densities of 48 and 11 %, respectively. Hernandez et al.%8 dev-
eloped membranes of agar prepared with Nafion liquid and tested them against
Nafion 117 membrane. Reduced internal resistance is observed in all modified
membranes from incorporation of agar. Although the power densities are lower
than the control, i.e., Nafion 117 membrane, higher power/cost ratio is deemed to
be an advantage in agar composite membranes than Nafion membrane.

5.3. Chitosan and polyester nanocomposites as PEM

A low-cost polyester cloth (PC) with varying layers are utilized as PEM in
MFC and compared with Nafion membrane.®® Higher mass transfer and reduced
diffusion coefficient of oxygen are observed in PC membranes compared to Naf-
ion. A comparable internal resistance, power and current densities are observed
in PC membranes and Nafion membrane, indicating a possible alternative to
health hazard Nafion. In another PEM investigation, Yusuf ef al.79 demonstrated
for the first time the application of biodegradable microbial polyester, i.e.,
medium-chain-length polyhydroxyalkanoates prepared with functionalized multi-
-walled carbon nanotubes (mcl-PHA/MWCNT) at varying amount (5—20 mass
%), obtained through ultrasound dispersion blending method. Comparable power
density to Nafion membrane is recorded. However, membrane with 10 %
MWCNT is superior in COD removal percentage, CE, conductivity and reduced
internal resistance over Nafion membrane. Recently, Sirajudeen et al.”! incorpor-
ated different amount of polyhydroxybutyrate (PHB) crystal (5-15 mass %) into
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mcl-PHA matrix through solvent blending method. The composite biopolymer
was investigated as an alternative PEM to Nafion in a double-chambered MFC
with real wastewater as substrate. Composite with 10 and 15 % PHB show sup-
erior maximum voltage at 988 and 1001 mV, respectively, compared to Nafion
(594 mV). Better power density is also recorded for PHB15% (601 mW/m?)
compared to Nafion (520 mW/m?2). Superiority in overall MFC performance of
composite membrane is attributed to better water uptake and wettability, as well
as higher resistivity of the novel membrane to gas flux from cathode to anode
compartment. Harewood et al.”? investigated thermal condensation of malic and
citric acid in 3:1 ratio and its blend with chitosan. The copolymer is utilized as
PEM in MFC. The maximum power and current densities generated are compar-
able to Nafion 117 membrane. The copolymer is biodegradable, thus making it
another environmental friendly alternative to Nafion membrane. Furthermore, the
effects of applying different cross-linkers are investigated by Holder et al.”3 Gra-
phene oxide nanoparticles are incorporated into the matrix of chitosan and cross-
-linked with either phosphoric- or sulfuric acid. Phosphoric acid cross-linked
PEM shows 135 % increase in power density compared to sulfuric acid cross-
-linked PEM.

5.4. Ceramics and polyethersulfone (PES) nanocomposites

Polyethersulfone (PES) is sulfonated with chlorosulfonic acid (SPES) and
finally blended with pristine PES (PES/SPES).”4 The PES/SPES as exchange
membrane shows superiority in COD removal percentage, CE, oxygen perme-
ability, biofouling and power generation compared to Nafion membrane. Di
Palma et al.”> recently developed a type of membrane where PES is prepared
with different concentrations of Fe3O4 nanoparticles using melt-blend method.
PES with 20 % Fe304 nanoparticles generated maximum power density of 9.59
mW/m?2 and current density of 38 mA/m?2. Incorporation of the nanoparticles of
more than 20 mass % leads to fissuring of the membrane. Similar observation has
also been reported by Yusuf et al.70 In another study, ceramic membranes with
different pore sizes (0.14 um, 150 and 5 kDa) are investigated as PEM in MFC
and compared with cation exchange membranes and Nafion membrane.”® Cer-
amic membrane with the largest pore size, i.e., 5 kDa shows improved power
density, better CE and reduced internal resistance compared to other membranes.
When the surface wall of ceramic is layered with films of chitosan and mont-
morillonite minerals,’”’” membranes with six layers and above record a decrease
of six-fold in the oxygen gas crossover, resulting in two-fold maximum power den-
sity in membrane with seven bi-layers compared to pristine ceramic membrane.
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5.5. Nanocomposites of other materials as PEM

Hernandez et al.78 developed a polymer inclusion membrane based on dif-
ferent weight percentage of ionic liquid as PEM in MFC application. lonic liquid
of 1-octyl-3-methylimidazolium hexafluorophosphate and methyl trioctyl ammo-
nium chloride are utilized. Maximum power density of up to 30 mW/m?2 and
COD removal efficiency of 80 % are recorded for membrane inclusion of 70
mass % ionic liquid supported with ammonium. The increase in ionic liquid con-
centration is followed by power density increase. In another study, synthetic fiber
of polybenzimidazole (PBI) is fabricated with different amounts of polyvinylpyr-
rolidone (PVP) and utilized as PEM in MFC.7® About 81 % increase in power
output and superior COD removal percentage are observed in composite mem-
brane with 70:30 PVP:PBI over pure PBI membrane, indicating the utility of
PVP as composite membrane in MFC. Similarly, PBI has been fabricated with
mesostructure of SB-15 silica as PEM in a long-term MFC operation for waste-
water treatment.80 The cost-efficient composite membrane shows an order of
magnitude increase in maximum power density compared to Nafion, and about
31 % CE and 90 % COD removal are observed (Table II).

Blending of sulfonated SiO, (S-SiO;) with sulfonated polystyrene ethylene
butylene polystyrene (SSEBS) is investigated as yet another alternative to Nafion
membrane. Various percentages of S-SiO; ranging 2.5-10 mass % are studied.8!
The modified membranes show superior power density over Nafion, with 7.5 %
S-Si0, membrane exhibiting four-fold increase in power density (1209 mW/m?)
over Nafion (290 mW/m?). S-SiO; incorporation is suggested to be responsible
for enhanced proton conductivity. In a separate study, Li et al.82 thermally
grafted an ozone-pretreated poly(vinylidene fluoride) (PVDF) with sodium styr-
ene sulfonate (SSS) as shown in Fig. 9. Better COD removal percentage (85 %)
is observed using the cost-efficient copolymer compared to Nafion membrane
(74 %). Although, higher power density is recorded for Nafion membrane (132.0
mW/m?2) compared to the modified membrane (106.7 mW/m2), cost/power ratio
of the modified membrane makes it an efficient alternative to Nafion.

TABLE II. Comparison of reported membranes in terms of thickness, water uptake, COD, CE,
and power density

Thickness Water COD CE Power density

Membrane mm  uptake,% % o, MW m-2 Reference
SPEEK 0.03 15 - 61 458 Elangovan &
QPEEK 0.03 23 - 76 603 Dharmalingam®!
SPEEK + PS - 22 86 224 97.47 Ghasemi et al.®
STA+ SPEEK 0.19 22 - - 207 Venkate;san &6 \

Dharmalingam
Mesoporous silica + 0.06 - 95 34 25.86 Angioni et al.9
Nafion 117
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TABLE II. Continued

Thickness Water COD CE Power density

Membrane mm  uptake, % % % W m-2 Reference
Nano Al,O; + PVDF-  0.02 — 24 86.62 3.3 541 Kumar et al.%”
co-HFP + Nafion 0.021
mcl-PHA + MWCNT  0.176 33 91 26 361 Yusuf et al.’®
mcl-PHA + PHB 0.149 22 72.7  65.7 601 Sirajudeen et al.”!
Chitosan + GO - 60 89.52 - 1.11 Holder et al.”
PES + SPES 0.25 68.6 82 22 58.7 Zinadini et al.”*
PES + Fe30,4 02-035 1.59 75 11.36 9.57 Di Palma et al.’?
Ceramic membrane 24 - 89 41 1790 Daud et al.
Polymer inclusion + 0.25 - 80 12 30.6 Hernandez-Fer-
Ionic liquid nandez et al.’8
PBI + PVP - 354 8436 - 231.38 Kumar et al.”®
PBI + SBA-15 0.04 - 73 14 103.5 Angioni et al.80
SSEBS + SiO, 0.18 210 - 85 1209 Sivasankaran
et al 8!
PVDF-g-SSS 0.1 25 85 5.96 106.7 Liet al®?
o 0o 0
©)KO’OW0(©—A> 2 ©AO-£> 2 @’C'+ 0,  (BPO Pyrolysis)
9 o)
©)k0- + ‘[’CHz‘CFz‘]'n_’ ©)kOH + '['éH'CFz'I'n (Radical Reaction (1))
o
& (I)-OH O-
©’ + '{'CH—CFZ']"H_’ OH+ -E(I:H—CFZ-]-n (Radical Reaction (2))
PVDF Main Chain 0—0 0—OH
04/0,
4 BPO| 80 °C
NaOﬁ@};&H
0 —_— 0s=() O«
'_(')— o HC=CH, S \(1)
CH HC SO;Na
HC SO;Na #1
ot SO;Na

Fig. 9. Schematic representation of ozone pretreatment of PVDF and graft copolymerization
of SSS (reproduced from32 with permission from Elsevier).

6. CONCLUSION

Innovative technologies, such as microbial fuel cell (MFC), offer the conver-
sion of chemical energy from waste into renewable energy. While the electro-
chemistry of the device is well-established, the next level progress towards its
practical applications rests wholly within the material science aspect of the tech-
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nology. In the current narrative of sustainable and zero detriment towards the
environment, and with ever increasing demand and pressure to shift towards mat-
erials that fit such bill, biodegradable polymeric nano-composition approach is
the most feasible and practical. It offers functional compatibilities with vast
majority of electro-conductive nanomaterials, and the subsequent seamless integ-
ration of the composites as apparatus in the MFC device is extremely useful. Fur-
thermore, natural bio-compatibility of the biopolymeric nanocomposites with
electrogens when applied as anode surface modifier will significantly improve
the electron transfer efficiency. Intensive research efforts to extensively explore
novel formulation of bio-degradable polymeric nano-composition and its inno-
vative integration as functional and structural components in the MFC device
will be instrumental in advancing the technology to practical and sustainable
wide applications.

ABBREVIATIONS
MFC - Microbial fuel cell
PEM - Proton exchange membrane
mcl-PHA -Medium-chain-length polyhydroxyalkanoates
PEGMA - Poly(ethylene glycol) methyl acrylate
MA - Methyl acrylate
Ccv - Cyclic voltammetry
CNT - Carbon nanotube
MWCNT - Multi-walled carbon nanotube
CNF - Carbon nanofiber
CC - Carbon cloth
CP - Carbon paper
SS - Stainless steel
SSM - Stainless steel mesh
COD - Chemical oxygen demand
CE - Coulombic efficiency
PPy - Polypyrrole
PANI - Polyaniline
PEEK - Polyether ether ketone
PEDOT - Poly(3,4-ethylene dioxythiophene)
G - Graphene
GO - Graphene oxide
rGO - Reduced graphene oxide
OoCV - Open circuit voltage
SPEEK - Sulfonated polyether ether ketone
QPEEK - Quaternized polyether ether ketone
PS - Polysulfone
PVDF - Poly(vinylidene fluoride)
PVDF-co-HFP - Poly-(vinylidene fluoride-hexafluoropropylene)
PES - Polyethersulfone
SPES - Sulfonated polyethersulfone
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PBI - Polybenzimidazole

PVP - Polyvinylpyrrolidone

SSEBS - Sulfonated polystyrene ethylene butylene polystyrene
SSS - Sodium styrene sulfonate
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U3BOJ
MMOJIMMEPHU HAHOKOMIIOO3UTH 3A MHOBATHBHO ®YHKIITMOHAJIHO
[TOBOJ/bIIAILE EJIEKTPOOA U MEMEPAHE 3A PASMEHY ITPOTOHA Y MUKPOBHOJ
IT'OPHBHOJ REJINJN

ABDUL AZEEZ OLAYIWOLA SIRAJUDEEN u M. SUFFIAN M. ANNUAR
Institute of Biological Sciences, Faculty of Science, University of Malaya, 50603, Kuala Lumpur, Malaysia

[TpakTHuHYy nprMeHa MUKpOOHUX ropuBHux henuja (MFC), ogp)XuBOTr eHepreTcKor ype-
haja, orpaHnuaBa Masa M3nas3Ha cHara. Iberose riiaBHe KOMIIOHEHTE, Tj. aHOZQ, KaToja U IPo-
TOHCKa MemOpaHa 3a usmeny (PEM) npencrasrpajy ocHOBHH (okyc yHanpehemwa 1 mogudu-
Kalyja y CMHUCIYy BHUXOBOI (PYHKLMOHAIHOI JM3ajHa U MaTepdjana. IToBpLIMHCKA HPOBOI-
JBUBOCT aHOJle Kao IOHOp eJIeKTpOHa NpecyZlHa je 3a BeJIWYMHY H3/lasHe cHare, NOK OW Ka-
TOOHA eneKkTpona Tpedano fa dyne peakTHBHA 3a eUKacHy penoyKUHjy KUCEOHMKa Ha TpH-
(asHoM cnajawy. PEM je jenuHHM 0froBOpaH 3a jeTHOCMEPHHU TOK IIPOTOHA KOjU HCTOBPEMEHO
NpaBU CTPYjHO Koi10. II0TMMEPHH HAaHOKOMIIO3UTH K20 MOAU(MHUKATOD €l1EeKTPOAia 3HaUajHO Cy
nodospmanu GyHkuuje anoae/xatone/PEM, ynme cy octBapunu ykynHe nepgopmance MFC.
OsBaj mpemiegHH paj HarjallaBa Hampenak y Mopudukanvjama aHope, katoge u PEM mare-
pyjana nmonumepuma of 2014. go 2019. rogune. Juckyryje ce o epekTMa Ha HUOKOMMATH-
OWUIHOCT, MOBPLIMHY, YHYTPAIlKby OTIOPHOCT, €JIEKTPOXEMHjCKY aKTHBHOCT, OOPKHUBOCT U CBe-
ykynHe nepdopmance MFC.

(ITpummeHo 2. ampuna, peBUAMpPaHoO 2. centemdpa, npuxsaheno 7. centembpa 2020)
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Abstract: This study was aimed at investigating the micro-formulation of cap-
sules using natural biopolymers, such as cactus mucilage (CM), carboxymethyl
cellulose sodium salt (CMCNa) and chitosan (Chi) as the wall material, for the
transport and supply of sunflower oil. CM samples were extracted from
Opuntia ficus indica (OF]) by precipitation at different supernatant pH values
(2, 4 and 12). The extracted natural polysaccharide and the resulting microcap-
sules were characterized by different experimental techniques. Fourier trans-
form infrared spectroscopy analysis of the CM showed the presence of uronic
acid units and sugars. Scanning electron microscopy revealed that most par-
ticles were adhered together, causing the formation of compact, linked agglo-
merates, which resulted in different microstructures with irregular shapes. All
oil-core microcapsules were characterized, and the results showed that the
different shell materials could be used to microencapsulate sunflower oil.
Among them, the microcapsule crosslinked with CM and Chi was the most
suitable, with the highest encapsulation efficiency (95 %). This coacervation
led to the narrowest size distribution of the capsules, with diameters ranging
from 1 to 5 pm. Optical microscopy confirmed the deposition of coacervate
droplets around oil drops and clearly showed that the formation of coacervated
particles and their deposition onto oil droplets were successive events.

Keywords: Opuntia ficus indica; extraction; microcapsules; mucilage cactus.
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INTRODUCTION

Encapsulation is a technique allowing the inclusion of solid, liquid or gas-
eous substances within a support material.! It leads to the formation of particles.
This process appeared in the early 1950s in the food industry. Griffin patented a
process for the preparation of oils in the form of solids.2 In 1956, Green and
Schleicher3 prepared pressure-sensitive capsules for the production of carbonless
paper by complex coacervation between gelatin and gum arabic. Thanks to this
work, they are now considered to be the pioneers of microencapsulation. Among
these, microencapsulation using coacervation methods has become one of the
most attractive alternatives in the cosmetics industry, as well as in the pharma-
ceutical, agro-chemical and food industries.*=9 This process may be either simple
or complex. In the simple coacervation process, a single polymer is involved.
However the interaction of two or more oppositely charged polyelectrolytes in
aqueous form, usually proteins and polysaccharides, leads to complex coacervate
formation and phase separation. Microencapsulation by coacervation is establish
in three steps made under continuous agitation. The first step concerns the form-
ation of three immiscible chemical stages namely, the assembly liquid, the core
medium, and the coating material. The second one, consists of a coating depo-
sition stage, when the core material is dispersed in a polymer coating solution.
The last one is the coating rigidification, when the immiscible material becomes
more rigid and strong, which generally concerns warm, cross-connect, or desol-
vation methods. In all cases, the size of the microcapsules could be in the region
of 1-5000 um. Each capsule has two phases, namely the core and the coating or
matrix material. The release mechanism of active compounds could be as follow-
ing: i) dissolution-controlled released dissolution of the matrix or encapsulated
dissolution system; i) diffusion-controlled monolithic system nonporous/micro-
porous matrix; iii) diffusion-controlled reservoir system nonporous/microporous
matrix; iv) ion-exchange-controlled release. Therefore, the choice of the appro-
priate wall material is an extremely important factor for a successful coacervation
process. Indeed, the microcapsule wall material must protect the encapsulated
substance from deterioration, must have the required mechanical strength, must
allow controlled release, and it must have thermal properties compatible with the
encapsulated substance.6-10

Polysaccharides, which are the most abundant biomolecules,”-11-15 have
been used as microencapsulation matrices due to their good solubility in water
and their low viscosity, even at high concentrations.!0:11 Several researchers rep-
orted a large number of publications on microcapsules based on polysacchar-
ides.%10 Chitosan (Scheme 1a) is the polysaccharide most widely used as a mem-
brane for microcapsules due to its biocompatibility and biodegradability pro-
perties as well as its antimicrobial activity. It is a commercially available poly-
saccharide produced from crustacean waste. The main field of application of mic-
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rocapsules based on natural polymer is biomedical, which explains the numerous
studies on the salting-out properties of the active ingredients according to the
characteristics of the capsule or the external environment. The most commonly
used production process is layer-by-layer deposition (LbL) on a core that can be
removed later. Given the large number of publications on this subject, we have
chosen to highlight only systems with a certain particularity. Another polysac-
charide namely, CMCNa, is cellulose derivative with good solubility in water.
The derivative is obtained by substitution reaction of hydroxyalcohol groups by
hydrophobic carboxymethyl groups at position 2, 3, and 6 (Scheme 1b). CMCNa
presents a linear polymer chain containing 1,4-linked glycans and displays poly-
electrolyte behavior due to weak acidic groups in the molecular backbone. The
substitution degree (DS) is one of the major factors affecting the physicochem-
ical behavior of CMCNa, which consequently leads to its many diversified
applications, such as thickener, emulsion stabilizer, fat replacer in meat, binder,
and film-forming properties.!®-18 Moreover, concerning the safety of human
health and the environment, CMCNa is biocompatible, biodegradable, and nontoxic.

(a (b)

RO.

R
P o PH o OH o RO. OHOO R=Hor
HO o) o) 0@
HO HO H/O&’OH OR oR o
NH; NH2 NH2 .\)J\ONa
n RO OR

Scheme 1. a) Chitosan; b) CMCNa.

The mucilage extracted from the cladodes of OFI is a hetero-polysaccharide
with a molecular weight varying from 2.3x104 to 3x10° g mol~1, being a com-
plex mixture of polysaccharides, L-arabinose (24.6-42 %), D-galactose (21-40.1
%), D-xylose (22-22.2 %), L-rhamnose (7-13.1 %) and D-galacturonic acid (8-
~12.7 %).19:20 Moreover, the neutral mucilage polysaccharide extracted from
OFI using ethanol as the extracting solvent is considered non-toxic and safe for
human and animal consumption.21-23

The main advantage of natural polymers is their biocompatibility and biode-
gradability making them more easily usable for pharmaceutical or medical
applications. In addition, due to the growing demand of biobased materials for
future sustainability, chitosan and carboxymethyl cellulose based material and
their applications will bring good future perspective in fundamental and applied
aspects of new product formulations. Both chitosan and carboxymethyl cellulose
present several properties which are affected by a change in pH, such as swelling
behavior, which allows increasing the matrix volume of polyelectrolyte and poly-
electrolyte complex upon changing the pH from acidic to basic conditions. In this
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context, the present study was conducted to evaluate the viability of the form-
ation of microcapsules using different shell materials (CM extracted from OFI,
carboxymethyl cellulose sodium salt (CMCNa), and chitosan (Chi)). Micro-
encapsulation was performed using a segregative coacervation method.20 The
interactions and the stoichiometry between the biopolymers used in complex
coacervation, as well as the ratio between wall materials, are important para-
meters in the encapsulation process. Another goal of this study was to evaluate
the effect of cross-linking on the morphological characteristics, particle sizes, and
encapsulation efficiency.

EXPERIMENTAL
Materials

Mucilage powders extracted from OFI were used as wall materials to prepare oil micro-
capsules. The cladodes were harvested from the oasis of El-Metkides-Gafsa, southwest of
Tunisia. The epidermal cells of the OFI were removed and washed several times with distilled
water to remove sand and hydrophilic impurities. The cleaned OFI was cut into chips (1x1x1
cm?).24

Sunflower oil (palmitic acid: 5-7.6 %; stearic acid: 2.7-6.5 %,; oleic acid:14-39.4 %;
linoleic acid 48.3—74 %) was kindly donated by the SAS PIVERT (Compiégne, France). All
other chemicals used (sodium hydroxide (NaOH, 98 %), hydrochloric acid (HCI, 37 %),
carboxymethyl cellulose sodium salt (CMCNa), chitosan (degree of deacetylation: 75 %) and
a cationic surfactant (tetradecyltrimethylammonium bromide, TTAB, 99 %, CMC =4-5
mmol L)) were obtained from Sigma—Aldrich and used without further purification.

Mucilage extraction

The obtained chips were homogenized using 1 L of distilled water per 1 kg of material.
Subsequently, the mixture was mechanically stirred at 80 °C for 20 min to inactivate enzymes
and left to cool to ambient temperature. After cooling, the suspension was filtered to separate
the liquid from the solids, and the obtained suspensions were centrifuged. The pH of the
obtained filtrate was fixed at the desired pH value by the addition of a solution of hydrochloric
acid or sodium hydroxide. Then, the mucilage was recuperated by precipitating the filtrate
with ethanol. Then, in order to accelerate the precipitation, the obtained solution was centri-
fuged, and, finally, the mucilage was dried at room temperature for 3 days to obtain a powder,
which was stored at 4 °C until further use. All the experiments were performed in triplicate.

Microcapsule formation

Oil-core microcapsules were prepared by simple and complex coacervation methods.
The first step of the microencapsulation process consisted of forming an oil-in-water emul-
sion. This emulsion was prepared from a continuous aqueous phase and a dispersed oil phase.
The continuous phase was obtained by dissolution of TTAB in 100 mL of water under mag-
netic stirring at 600 rpm. Both phases were then vigorously dispersed with an ultra turrax high
speed homogenizer (Ika T 25 basic, France) at room temperature (=20 °C) and 11000 rpm for
15 min to create an oil in water emulsion. During the formation of surfactant stabilized emul-
sion, the oil-water interfaces must be covered with an adequate number of particles to stabil-
ize the droplets by providing repulsive interactions between drops and lowering the interfacial
tension. The final surfactant concentration is therefore at their corresponding CMC (about four
times the CMC value).
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For simple coacervation, particles were obtained by the dropwise addition of an aqueous
solution CM into the prepared emulsion. The pH of the premix was then adjusted to 4.0 by
adding hydrochloric acid, 0.1 mol L1, in order to cross-link the capsules. Finally, the mixture
was stirred mechanically at room temperature for over 2 h. The upper aqueous-rich phase was
removed and the coacervated rich phase was recovered and stored for further analyses.

The complex coacervation was basically the same as the simple coacervation except that
the CM and CMCNa solutions were added to the pre-emulsion vessel.

In order to crosslink the capsules prepared with cactus mucilage and chitosan (CM/Chi),
a Chi solution was prepared by dissolving 5 mg of polymer in 100 mL of 2 % aqueous acetic
acid solution at pH 4. CM/Chi coacervation was obtained by the dropwise addition of CM and
Chi solutions (pH 3.6) in the required proportions. Then, the CM solution was added, and coa-
cervation between the oppositely charged Chi and carboxylic groups of the CM started to
form a thin coating layer around the core material. After 30 min, a 1 mol L-! sodium hydro-
xide solution was added and the pH was adjusted to 8 to complete the coacervation reaction.
All the experiments were performed in triplicate.

Characterization

Fourier transform infrared spectroscopy (FTIR) was used in this study to identify func-
tional groups of the prepared CM powder. The spectra of the samples were recorded in the
range of 4000-500 cm™! in KBr pellets using a Shimadzu 84008 spectrometer (France) with a
resolution of 4 cm!.

The particle size distribution of the powdered CM, the emulsions, and the suspensions of
microcapsules was investigated by laser diffraction using a Mastersizer X Malvern (laser Cilas
1190, France). The sample was dispersed in aqueous medium under mechanical stirring for 2
min. The technique is based on measurement of the intensity of light scattered as a laser beam
passes through a dispersed particulate sample. The test was repeated at least in triplicate and
the difference between the various values obtained was within an experimental error of 5 %.

Scanning electron microscopy (SEM) was used to investigate the morphology of the dif-
ferent power microcapsules. The micrographs were recorded with a Zeiss-Ultra 55 SEM
device, operating at 10 kV. The dried samples were fixed on SEM stubs using a double sided
tape and coated with gold metal under high-vacuum evaporator.

The particle shape and surface morphology of the obtained particles were examined
using optical microscopy (Axio Imager, Zeiss, Marly-le-Roi, France).

Carboxylic groups in the CM powder obtained at different supernatant pH values were
quantified by conductometric titration. The CM sample (30 mg) was added to a beaker. and
200 mL of distilled water was added. The obtained solution was stirred for 10 min and ultra-
sonicated in order to obtain a well-dispersed suspension. Conductometric titration was per-
formed using a 0.01 mol L-! NaOH or HCI solutions. The number of functional groups is
given by the following equation:

_Ch-1)
w

X @)
where X / umol g'! is the total acidic group content, C / pmol L-! is the concentration of the
sodium hydroxide solution, ¥} and ¥, in L are the amounts of NaOH or HCI, and w / g is the
oven-dried weight of the sample. The test was repeated at least in triplicate and the difference
between the various values obtained was within an experimental error of 5 %.

The encapsulation efficiency (EE) was evaluated according the procedure reported by
Bae and Lee,2’ and Carneiro et al.2° Fifteen milliliters of hexane were added to 1.5 g of pow-
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der in a glass jar with a lid, which was shaken by hand for the extraction of free oil, during 2
min, at room temperature. The solvent mixture was filtered through a Whatman filter paper
No. 1 and the powder collected on the filter was rinsed three times with 20 mL of hexane.
Then, the solvent was left to evaporate until constant weight. The non-encapsulated oil (sur-
face oil) was measured by weight difference between the initial clean flask and that contained
the extracted oil residue. The total oil was assumed to be equal to the initial oil, since preli-
minary tests revealed that all the initial oil was retained, which was expected, since flax seed
oil is not volatile. EE was calculated from the following equation:

EE. %= 100 Total a@qunt of oil — Surface oil @
Initial amount of oil

The test was repeated at least in triplicate and the difference between the various values
obtained was within an experimental error of 5 %.

RESULTS AND DISCUSSION
Physicochemical characterization of mucilage powder

The FTIR spectrums of CM samples (Fig. 1) revealed typical absorption
bands of polysaccharide between 800 and 1200 cm™!, which is overpowered by
ring vibrations overlapped with the characteristic vibrational modes of the pyra-
nose ring.27-29

——pH=2 ——pH=4 —— pH=12

Transmittance, %

T T T T T T
4000 3500 3000 2500 2000 1500 1000
Wave number, cm’'

Fig. 1. FTIR spectra of different CM samples.

The absorption bands at 896 and 844 cm! indicate that the two configur-
ation (a- and p-D-glucose) exist and that a-D-glucose was the major linkage.27-30
The bands at 784 and 676 cm™! are attributed to out-of-plane N-H and O-H
vibrations, respectively.3! The adsorption bands at 1252 and 1080 cm! result
from vibration bonds C-O, C—C, O—-H and C-O—C of the mucilage molecules.32~
34 Indeed, the wave numbers at 1594 and 1415 cm! are attributed to asymmetric
and symmetric stretching vibration of deprotonated carboxylic acid groups
(COO"), probably due to the presence of uronic acid in CM samples.31-36 In
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addition, the band around 3390 cm™! reflects the stretching vibration of the hyd-
roxyl groups (~OH) and amine groups. While, the absorption bands around 2918
and 2849 cm~! were assigned to asymmetric vibrations of C—H and methoxyl
groups (CH30) in the CM samples.32:33.37

A wide distribution of particle size, as well as irregular morphology and dif-
ferent heterogeneous microstructures of the CM were observed by SEM (Fig. 2).

Fig. 2. Micrographics of CM powder ethanol extracted and precipitated at different pH values,
2 (a,b), 4 (c,d)and 12 (e, f).

The strong aggregation observed in the mucilaginous extracts obtained from
OFI can lead to the formation of compact, bound agglomerates. Mucilaginous
extracts obtained at pH 4 and 12 included various microstructures. The particles
were interpenetrated at random in the entangled matrix of the polysaccharide
chains. The agglomeration could be attributed to the effects of ionic crosslinking
by calcium ions initially present in the sample. Indeed, Ca2" and other metal ions
naturally present in the CM38 can enhance the ionic interactions between the dis-
sociated carboxyl groups. The strong aggregation observed in the CM obtained
from OFI agrees with that reported by Du Toit et al.3° However, an obvious
difference and incomplete crosslinking was observed in the microstructure of the
CM obtained at pH 2. This CM had a spongy structure of spherical aggregates of
irregular shape at different sizes, formed by the adhesion and superposition of
polymeric chains. These observations suggest that chelation has a significant
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effect on morphology and that metal ions can contribute to the formation of com-
pact, bound agglomerates with sufficient dissociated carboxyl groups.*0

The average particle size, as determined by laser diffraction analysis, was
established and the results are shown in Fig. 3. The dried CM powder had almost
the same particle size distribution and consisted of fine particles within the range
46 to 595 um. The presence of very small particles facilitated a greater number of
particle-to-particle interactions and, subsequently, the formation of agglomerates.
The polysaccharides obtained at basic pH contained the highest number of car-
boxyl groups, and the number of carboxylic groups depended on the pH. Thus,
the concentrations of carboxylic groups were 0.733, 0.870 and 3.033 umol g!
for the CM obtained at pH 2, 4 and 12, respectively.

Cumulative passing size : m10% M50% ®90%
595
565 563

289 287

Particle size, pm

0 : Fig. 3. Particle size distribution of the CM
pH=2 pH=4 pH=12 samples.

Physicochemical characterization of the emulsion and microcapsules

Particle size is an important parameter in microencapsulation because it
influences the texture and sensory aspects of particles and it defines their applic-
ations. The stable, primary emulsions of oil were used for the preparation of the
microcapsules by different coacervation methods. After addition of surfactants,
stable oil-in-water emulsions were successfully prepared using CMC concentrat-
ions. The average particle sizes of the emulsions ranged from 0.45 to 4 um (Fig.
S-1 of the Supplementary material to this paper). The size distribution curves
(Fig. S-1) showed unimodal and homogenous distributions (the diameters were
distributed in a single peak). An image of these emulsion drops is shown in Fig.
S-1 showing bleaching of the aqueous phase caused by displacement of the par-
ticles from the drops to the continuous phase. These emulsion drops remained
stable for at least 6 months with no measurable change in the size distribution of
the drop. This due to the ability of TTAB surfactant to minimize the energy
required for emulsion formation by reducing the liquid—liquid interfacial tension
and the formation of electrostatic or steric barriers around the droplet surfaces.

The average diameters of the microcapsules obtained by simple coacervation
ranged from 50 to 400 um (Fig. 4), which confirms that there was flocculation on
the surface, with a hard and difficult to break shell. This could be associated with
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the process conditions, including emulsion preparation, the cooling rate, and the
characteristics of the wall and core materials.
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Likewise, increasing the core-to-wall ratio increases the size of the micro-
capsules and their distribution. Increasing the proportion of encapsulating poly-
mer or reducing the velocity of stirring resulted in increasing microcapsule size.

However, despite the small difference observed in the particle size distri-
bution of the emulsions and the corresponding suspensions of microcapsules pre-
pared using CM/CMCNa and CM/Chi by complex coacervation (Figs. 5 and 6),
the microcapsules were successfully prepared, and were stable. This is probably
related to the increase in the number of crosslinks, leading to strengthening of the

walls of the microparticles.4! Thus, the addition of the anionic polymer CMCNa
with the CM solution to the prepared emulsion results in electrostatic repulsion
between the biopolymers, leading to phase separation and coacervate formation.
Subsequently, these coacervates form deposits around the sunflower oil droplets.

—o—pH2
pH 4
—v—pH 12
emulsion

Intensity, u.a.

Fig. 5. Particle size distribution of
emulsions and microcapsule suspen-
sions via complex coacervation at pH 4
crosslinked with CMCNa and CM pre-

>
cipitated at different pH values.

10
Particle size, ym

A slight variation was observed between the emulsions and the correspond-
ing suspensions of microcapsules, especially with the use of Chi. This lead to a
much narrower size distribution, with diameters that ranged from 1 to 5 pm. The
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ability of Chi and CM to form a very thin coating layer can be explained by the
electrostatic attractions between oppositely charged biopolymers. These interacti-
ons induce the formation of complexes, which can be insoluble, and they are
closely related to the pH of the two solutions, as well as the weight ratio of the
CM/Chi mixtures. Chi developed a positively charged surface in the acidic aque-
ous medium due to the presence of amino groups, and CM displayed a net neg-
ative charge.2

o =—pH 2
g —e—pH4
ol —a—pH 12
2
3 \
9] \
2l
K\ Fig. 6. Particle size distribution of mic-
rocapsule suspensions via complex
| I coacervation precipitated at pH 8 and
’:—*“‘”‘“““‘*—‘—*—‘—*‘—f‘—‘—' crosslinked with Chi and CM obtained

20 40
Particle size, um at different pH values.

The electrostatic interactions in the aqueous system between the protonated
Chi amino groups and the negatively charged COO- groups of CM were due to
the formation of a stable polyelectrolyte complex at pH 8. Therefore, a barrier
was built around the sunflower oil by the formation of additional functional
groups, primarily azomethin linkage groups (>C=N<) and, secondly, acetal link-
ages (—C—O—-C—O—C-).#3 The particle size of the obtained microcapsules was
confirmed by optical observation. Thus, microcapsules were prepared by simple
and complex coacervation via mucilaginous cactus extracts. It is clear that the
active ingredient was well surrounded and protected by the coacervate deposits
(Fig. S-2 of the Supplementary material).

Optical observation analysis revealed that the microparticles obtained by
complex coacervation were round, with various sizes and a polynuclear distri-
bution of the core material (Figs. S-3 and S-4 of the Supplementary material).
These results were related to the different cactus extract compositions and their
influences on the diffusivity and film formation properties of these extracts.

The effect of wall material on encapsulation efficiency (EE) of sunflower oil
is recapitulated in Fig. 7. It could be observed that the encapsulation efficiencies
of the microcapsules obtained by complex coacervation and crosslinked with Chi
and CM are different than those of the system CM/CMCNa. For the former sys-
tem. CM/Chi, the EE values ranged from 87 to 95 %. Whereas, the encapsulation
efficiencies for the latter system, CM/CMCNa, varied from 65 to 72 %. It could
be concluded that it is possible to use the different cactus extracts as carrier mat-
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erials to protect sensitive compounds. The results also showed that the suggest
methodology (complex coacervation via CM/Chi) and the chosen encapsulation
polymers were adequate and very effective for the proposed goal.
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& N (‘\Q‘\ © © & encapsulation efficiency (EE) of sun-
Encapsulation System flower oil.
CONCLUSIONS

This work consisted of developing bio-based microcapsules using CM and
CMCNa as well as chitosan. which are the polysaccharides most commonly used
in virtually all the reported microencapsulation methods. It can be highlighted
from the results that CM is a promising agent for the microencapsulation of bio-
active molecules. The microcapsules crosslinked with Chi and different cactus
extracts had sufficient stabilities needed to maintain their structures, with good
entrapment efficiency (87 to 95%) compared to those crosslinked with CMCNa
or only with CM. The morphologies and particle sizes of the resultant microcap-
sules were influenced by the polymer type. Optical observation confirmed that
core—shell morphology existed in all types of capsules, with spherical morpho-
logies and smooth surfaces. The integrated data indicated that the sunflower oil
was successfully encapsulated by complex coacervation using the cactus extract
as the carrier material. Moreover, CM could be used as a potentially effective
shell material, especially with a cationic polymer, for protection of bioactive
compounds from oxidative deterioration and for drug delivery.

SUPPLEMENTARY MATERIAL

Additional data are available electronically at the pages of journal website: https://
//www.shd-pub.org.rs/index.php/JSCS/index, or from the corresponding author on request.
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Y pany je uCIMTaHO CTBapamwe MUKPOKAIICysla KopucTehu npupoznHe dromnomumepe, Kao
mTo cy ciy3 kaktyca (CM), HaTpujymoBa co kapbokcumetun nemynose (CMCNa) u xuro3aH
(Chi), 3a TpaHCHopT ¥ JocTaBy y/ba CyHIoKpera. CM ysopuu cy excrpaxoBaHu U3 Opuntia
ficus indica (OFI) TanoxeweM CynepHaTaHTa Ha pasnuuutiM pH (2, 4 u 12). ExcTpaxoBaHH
NPUPOAHU TONHCaXxapul U (OpMHUpaHE MHKDOKAalCysjae Cy OKapaKTepucaHe PpaslIudUuTHM
mertonama. MHdpaupsena crnekrpockonuja ca ®ypujeosom tpancopmanujom (FTIR) CM je
yKa3ala Ha NMPHUCYCTBO jeJWHHIIA YpOoHCKe kucenuHe U 1ehepa. CkeHupajyha enekTpoHCKa
mukpockonuja (SEM) je nokasana zia je BehuHa yecThIia aTxepupaia cTBapajyhu koMmakTHe
arsmomepare, najyhu pasnuunte MUKPOCTPYKTYpe HEITpaBUIHUX odyirka. Pe3ynratu cy moka-
3a/1 Ja Cce MOTY KOPUCTUTH OIIHE Off Pa3IMYUTOr MaTepHjaja 3a UHKAICyIalrjy yba CyHIO-
kpeta. Hajsehy edukacHocT cy uckasane Mukpokarcyne ca ympexxeHum CM u Chi (95 %).
OBU KoalepBaTH Cy MMajad HajMamH OICET BeIHMYMHEe Karcysa, MpedyHuka on 1 mo 5 pm.
OnTUYKOM MHUKPOCKOIIMjOM je TIOTBPheHO OKpY’KHBame Kally yiba Kalnuma KoalepBara.

(ITpumsmeno 29. dbedpyapa, pesunupasno 17. anpuna, npuxsaheHo 19. maja 2020)
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Fig. S-1. Optical observation and particle size distribution of sunflower oil emulsion.
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Fig. S-2. Microphotographs of microcapsules prepared by simple coacervation using CM
obtained at pH 2 (a, b), pH 4 (¢, d) and pH 12 (e, f).
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Fig. S-3. Microphotographs of microcapsules obtained by complex coacervation via CMCNa
and different CM precipitated at pH 2 (a, b), pH 4 (c, d) and pH 12 (e, f).
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Fig. S-4. Microphotographs of microcapsules obtained by complex coacervation via chitosan
and CM precipitated at pH 2 (a, b), pH 4 (c, d) and pH 12 (e, f).
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Abstract: Four Schiff bases (H,L! to H,L*) were synthesized by the conden-
sation of o-aminophenol and unsaturated diketones (1,5-diarylpent-4-ene-1,3-
-diones). Analytical, IR, lH-NMR and mass spectral data revealed their exist-
ence in the imine—-enamine form. Dibasic tetradentate coordination of the
Schiff bases in their ML complexes (M = Cu(Il), Ni(II), Co(Il), Zn(II), Cd(II),
and Hg(II)) was established based on physical, analytical and spectral data. The
fluorescent studies of H,L* showed that the fluorescence emission maxima
shifted with increasing polarity and hydrogen bonding ability of the solvent.
Paramagnetic Cu(II), Ni(Il) and Co(II) ions decrease the fluorescence intensity
with increasing concentration of the metal ion while diamagnetic Zn(II), Cd(II)
and Hg(II) ions have very little influence on the fluorescence intensity of the
Schiff base H,L4.

Keywords: o-aminophenol; imine—enamine form; tetradentate coordination;
spectral data.

INTRODUCTION

In polycarbonyl compounds, Schiff base condensation can occur with more
than one carbonyl function that normally results in the formation of polydentate
chelating ligand systems having interesting properties.!-2 Metal complex form-
ation of these Schiff’s bases depends on the type and nature of functional groups
present in the vicinity of the azomethine group.3# Most of the reported Schiff’s
bases of 1,3-diketones are based on compounds in which the diketo function is
directly attached to alkyl/aryl functions.>~7 Only very few reports are available
on Schiff’s bases of unsaturated 1,3-diketones.8~10 Many naturally occurring and
synthetic unsaturated 1,3-diketones and their metal complexes are known to exhi-

* Corresponding author. E-mail: mbummathur@gmail.com
https://doi.org/10.2298/ISC200520062U
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bit anticancer, antitumor, antioxidant, anti-inflammatory, antiviral and immuno-
modulatory activities.!1-14

The photochemical properties of various unsaturated 1,3-diketones have
been well studied by many research groups and the behaviour of these molecules
in the excited states explained.!> Curcuminoids, a group of unsaturated 1,3-diket-
ones, are generally less stable to UV radiation and hence the yellow colour of tur-
meric products fades considerably when exposed to light. The formation of cyclic
products on exposure to light has been reported.1® The reaction mechanism and
kinetics of the overall photochemical degradation of curcuminoids suggest that
they act as photosensitizer of singlet oxygen. The possibility that curcumin itself
could act as a photosensitizing agent is an interesting aspect in many drug
formulations.!7 Studies have shown that the antibacterial activity of curcumin is
generally enhanced by visible radiation.!® The photophysical properties of cur-
cumin were studied using time resolved fluorescence spectra.!® Studies on the
steady state absorption and fluorescence of curcumin showed that absorption/
/emission maxima are solvent dependent.20

In the present investigation, four Schiff bases derived from unsaturated 1,3-
-diketones (1,5-diarylpent-4-ene-1,3-diones) and o-aminophenol were synthe-
sized and characterized. Typical metal complexes of these polydentate ligand
systems were also studied. The effects of different solvents, water and various
metal ions on the fluorescence behaviour of a typical Schiff’s base (HpL#4) were
also investigated.

EXPERIMENTAL
Instruments, materials and methods

The carbon, hydrogen and nitrogen contents were determined by microanalyses (Heraeus
elemental analyzer) and the metal contents of the complexes by AAS (Perkin Elmer 2380).
The electronic spectra of the compounds in methanol (10® M) were recorded on a JASCO
V-550 UV—Vis spectrophotometer, IR spectra (KBr disks) on a JASCO FT/IR 4100 instru-
ment, 'H-NMR spectra (CDCl3 or DMSO-d;) on a JEOL 400 NMR spectrometer and mass
spectra on a JEOL-JMS 600H FAB mass spectrometer. Fluorescence spectra were recorded
using solutions of 1073 to 10°® M concentration on an Elico SL 174 spectrophotofluorometer.
Ground state absorption measurements were realised with a Systronics UV—Vis double beam
spectrophotometer. Molar conductance of the complexes was determined in DMF (=103 mol
L1y at 2841 °C. Magnetic susceptibilities were determined at room temperature on a Sher-
wood Scientific magnetic susceptibility balance at room temperature (28+1 °C) using
Hg[Co(NCS),] as the standard. The chemicals used were from Merck and Aldrich or of chem-
ically pure grade. The metal salts used for the synthesis of metal chelates were
Cu(OAc), H,0, Ni(OAc), 4H,0, Co(OAc),.4H,0, Zn(OAc),, Cd(OAc), and Hg(OAc),.

Synthesis

Synthesis of unsaturated 1,3-diketones. The unsaturated 1,3-diketones were synthesized
by the reaction of aromatic aldehydes with benzoyl acetone in presence of boric oxide and
tri(sec-butyl)borate using n-butylamine as the condensing agent as reported earlier.2!23 The
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aldehydes used for the condensation reaction were benzaldehyde, p-anisaldehyde, cinnamal-
dehyde and vanillin.

Synthesis of Schiff bases (H,L). A methanolic solution of o-aminophenol (0.02 mol,
2.18 g) was mixed with a methanolic solution of an unsaturated 1,3-diketone (0.01 mol) and
refluxed for =5 h. The resulting solution was poured into ice-cold water under vigorous stir-
ring. The dark brown coloured precipitate formed was filtered and recrystallized from methanol.

Synthesis of metal complexes. Cu(Il), Ni(Il), Co(II), Zn(II), Cd(IT) and Hg(II) complexes
were prepared by the following method. To a refluxing ethanolic solution of the ligand (0.01
mol, 30 mL), an ethanolic solution of the metal(Il)acetate (0.01 mol, 30 mL) was added. A
pinch of sodium acetate was also added to maintain the pH of the solution at around 6. The
mixture was refluxed for =5 h on a boiling water bath. The complex that precipitated on cool-
ing to room temperature was filtered, washed with ethanol, and then with water and dried
under vacuum. The complexes were recrystallized from hot benzene.

Absorption and fluorescence spectroscopy

Effect of solvents on the maxima. Solutions (1 UM of the Schiff base, H,L*, in different
solvents (methanol, ethanol, acetone and DMSO) were prepared. The absorption and fluores-
cence spectra were recorded. The fluorescent emission was measured at 400 V.

Effect of water on fluorescence. The effect of various concentrations of water on fluores-
cence was studied by measuring the fluorescence intensity of the compound in different ratio
of methanol and water. For this, a different volume of water was added to a methanolic sol-
ution of the compound (2 UM) and in each case fluorescence intensity was measured at 500 V.
The intensity of fluorescence of the compound in pure anhydrous methanol was also deter-
mined.

Effect of metal ions on fluorescence. Different concentrations of methanolic solutions of
metal salts were added to 1 mL of 1 uM solution of the Schiff base in methanol. The total
volume was then made up to 10 mL and the spectra were recorded. The excitation wavelength
was 402 nm.

Emission maxima of the metal complexes. Solutions of the metal chelates (1 uM) in
DMSO were prepared. The absorption and emission spectra were recorded. The fluorescent
emission was measured at 550 V.

Selection of the standard. A solution (10 ppm) of quinine sulphate in 0.1 M H,SO, was
taken as the standard, the quantum yield of which is 0.54. Standard 10 mm path length
fluorescence cuvettes were used for the fluorescence measurements.

The spectral data of the synthesized Schiff bases (H,L) and the synthesized metal com-
plexes are given in the Supplementary material to this paper.

RESULTS AND DISCUSSION
Characterization of Schiff bases and their metal complexes

The elemental analytical data of the Schiff bases indicated that the reaction
between unsaturated 1,3-diketone and o-aminophenol occurred in 1:2 ratio. All
the compounds (H,L) were crystalline in nature and soluble in common organic
solvents. Attempts to prepare a single crystal of the ligands failed. The Schiff
bases formed stable complexes with Cu(Il), Ni(Il), Co(Il), Zn(II), Cd(Il) and
Hg(Il) ions. The analytical data together with their non-electrolytic nature in
DMF (specific conductance < 10 Q! cm1; 103 M solution) suggested ML
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stoichiometry. The Zn(II), Cd(Il), and Hg(Il) chelates were diamagnetic while
the Cu(Il), Ni(II), and Co(II) complexes showed normal paramagnetic moment.
The observed UV, IR, TH-NMR and mass spectral data were in conformity with
the proposed structural formulas of the Schiff bases and their metal complexes
given in Fig. 1.

0 C0X
SONBIGVe
A/Q\/k - A/\/‘Q\

Fig. 1. The proposed structural formulas of: a) the Schiff bases, H,L and b) their metal
complexes, ML; Ar = phenyl (H,L! and ML!); 4-methoxyphenyl (H,L? and ML?); styryl
(H,L3 and ML3); 4-hydroxy-3-methoxyphenyl (H,L* and ML#); M = Cu(II), Ni(II),
Co(II), Zn(II), Cd(IT) and Hg(II); Co(IT) and Ni(II) complexes also contain two
coordinated H,O molecules.

Ph

Infrared spectra. The two important functional groups present in the unsatur-
ated 1,3-diketones considered in this investigation are the benzoyl and cinnamoy]
carbonyls. The stretching frequency of the former appears?!—24 at ~1650 cm!
and the later at <1630 cm™!. The IR spectra of the Schiff bases are characterized
by the absence of both bands in these regions. Thus, it could be concluded that
the compounds do not contain free benzoyl or cinnamoyl functions and both the
carbonyl groups were involved in the condensation of the Schiff’s bases.

The IR spectra of all the Schiff bases exhibited two strong bands at ~1610
and =1580 cm! due to the stretching of the highly conjugated vc—n and ve—c
functions,?24 respectively, seen in Fig. 1. The IR spectra of the compounds
showed prominent bands at ~1540 and =1280 cm~! due to NH deformation vib-
rations and vc_N. These, together with the vc—n band, suggested the existence of
the compounds in the imine—enamine form rather than in the di-imine or di-ena-
mine form. The broad band observed in the range 3000-3500 cm™! in the spectra
are due to the intramolecularly hydrogen bonded phenolic and NH groups,24 seen
in Fig. 1.

The most important feature of the IR spectra of all the metal complexes was
the disappearance of the free ligand band at <1610 cm~! due to vc—y. Instead, a
prominent band appeared at ~1550 cm~! assignable to the stretching of the metal
bonded C=N function,?-25 seen in Fig. 1. The prominent band observed in the lig-
ands at =1540 cm! due to NH deformation vibrations remained almost unaf-
fected and the band at =1280 cm! due to Vc_y shifted to lower wave numbers in
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the spectra. These indicate that the NH proton was not replaced by a metal ion
during coordination involving nitrogen.2> The broad band in the region 3000—
—3500 cm~! of the ligands was absent in the spectra of all the metal complexes,
indicating deprotonation of phenolic oxygen atoms prior to complexation.25 The
spectra of the Ni(Il) and Co(Il) complexes showed bands due to coordinated
water at ~3450 cm!. That the two phenolic oxygens along with the imino and
amino nitrogens were involved in complexation is further supported by the
appearance of additional medium intensity bands in the range 520-580 cm~! and
420480 cm! due to the stretching of vy and vyi_o, respectively.25

!H-NMR spectra. The 'H-NMR spectra of all the Schiff bases displayed
three low field one proton signals at = 8.6, 9.5 and 10.7 ppm due to amino and
intramolecularly hydrogen bonded phenolic protons.26 Since the two phenolic
protons are in different electronic environments, the signal at =~ 10.7 ppm can
be assigned to phenolic proton associated with the olefinic group. The methine pro-
ton signal was located at 0= 5.8 ppm. The trans orientation of the -CH=CH- group
is evident!3 from their observed J values (=16 Hz). The integrated intensities of
all the protons agree well with the formulation of the compounds as in Fig. 1.

In the 'H-NMR spectra of the diamagnetic Zn(II) complexes, the phenolic
proton signals of the ligands disappeared, indicating the replacement of these
protons with a metal ion during complexation.23 The N—H proton signal of the
ligands remain unaltered, which indicated that this proton was not replaced
during coordination. The methine proton signal shifted appreciably to a lower
field compared to the shift in the olefinic and aromatic protons. This may be due
to the aromatic character imparted to the C3NoM ring system of the chelates by
the attachment of highly conjugated groups. That the aryl substituents of H,L2
and HpL# were not involved in bonding with the metal ion was clearly indicated
in the spectra of the complexes in which the signals remain unaltered.23 Aryl pro-
tons appeared in the o range 6.8-7.5 ppm as a complex multiplet. The integrated
intensities of the various signals agree well with the proposed ML stoichiometry
of the complexes as shown in Fig. 1.

Mass spectra. The mass spectra of all the Schiff bases displayed intense
parent ion peak, P™/(P+1)", thereby confirming the formulation of the com-
pounds.2’ Other prominent peaks were due to the elimination of aryl substituents,
Ar—CH=CH, Ph, Ar, efc. from the parent ion. The FAB mass spectra of the Cu(II)
complexes showed a molecular ion peaks, P™/(P+1)*, corresponding to CuL
stoichiometry. Peaks correspond to L™ and fragments of L™ were also present in
the spectra. The spectra of all the chelates contained a number of fragments
containing copper in the 3:1 natural abundance of 3Cu and 63Cu isotopes.%12

Electronic spectra. The UV spectra of the Schiff bases showed two broad
bands with maxima at =360 and 260 nm due to various n—>7* and t—n* tran-
sitions. The absorption maxima of the metal chelates bear close resemblance with
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the free ligands, which indicates that no structural alteration of the ligand occur-
red during complexation. However, the values shifted to longer wavelength. The
shift was more prominent for the band at ~360 nm of the free ligand due to the
n—7* transition of the azomethine function;28 This clearly indicated the involve-
ment of the group in metal coordination as shown in Fig. 1.

The Cu(Il) complexes showed a broad visible band with Ay, at =14,800
cm~!. This, together with the measured uefr values (=1.75 BM), suggests their
square-planar geometry.# The spectra of the paramagnetic Ni(Il) chelates (ueff
~2.80 BM) showed three bands at Ayax =8,500, ~14,000 and ~24,500 cm™!, cor-
responding to the transitions 3A2g —>3T2g(F); 3A2g %3T1g(F) and 3A2g -
— 3Ty o(P), respectively, confirming their octahedral geometry along with two
coordinated water molecules.2? The spectra of the Co(II) chelates showed three
bands at Apax 9,500, 12,000 and ~20,000 cm™!, corresponding to the tran-
sitions 4T (F) — 4Tag; 4T14(F) — 4Ang; 4T1o(F) — 4T14(P), respectively. The
transition to 4A2g is very weak and appears as a shoulder. This, together with the
measured e values (=4.80 BM), suggest their octahedral geometry with two
coordinated water molecules.3? In most of the cases, interpretation was difficult
as the d—d bands were masked by intense charge transfer transitions.

Studies on the fluorescence characteristics of the Schiff base (H>L?#)

Effect of solvents. The unsaturated 1,3-diketones are insoluble in water but
soluble in many organic solvents and are readily soluble in polar organic sol-
vents.!2:14 The absorption and emission spectra are highly dependent on the nat-
ure of the solvent. Absorption maxima of HyL#4 showed a red shift with increas-
ing solvent polarity (Table I). The absorption band was very broad and consisted
of a shoulder. All these features indicated the presence of more than one species
of the compound in solution.

TABLE 1. Absorption and emission maxima of H,L* in different organic solvents

Solvent Aap / DM Ag/nm
Acetone 392 773
Ethanol 400 792
Methanol 402 795
DMSO 498 822

The fluorescence maxima also showed solvent dependence. A large red shift
from 773 nm in acetone to 822 nm in DMSO, the most polar among the solvents
used. As the polarity of the solvent increased, the broadening of the spectral band
also increased. This suggests that the excited singlet state has a large intramole-
cular charge transfer character.3! This is possible in these types of molecules in
which a reasonable amount of energy from the aromatic ring can be transferred to
the enamine tautomer of the Schiff base. Similarly, hydrogen bonding with the
solvent may also be involved in this process. Thus, it appears that polarity and
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hydrogen bonding ability of the solvents have significant influence on the abs-
orption and emission spectra of the compound.

Effect of water. Earlier reports showed that water quenches the fluorescence
intensity of curcuminoids.32 The results obtained for HyL# also agreed with this
observation. The effect of water on the fluorescence intensity of the compound is
given in Table II. The fluorescence intensity decreased with increasing water
content.

TABLE II. Effect of various concentrations of water on the fluorescence of H,L* in methanol

¢mo/ %  Emission maxima, nm  Fluorescence intensity  #°%/5 Pally  (5°/)x(I°q/Iy)

0 796 369 1.00 1.00 1.00

3 796 326 099 1.1366 1.1252
5 796 286 096 1.2991 1.2871
7 795 273 095 1.3696 1.3011
10 797 241 092  1.5435 1.4200
20 796 215 0.85 1.7317 1.4719
30 795 207 0.79 1.7842 1.799
40 797 173 0.66 2.1462 1.986

It was reported that the fluorescence quenching could be attributed to the
interaction of the lone pair electrons of HyO with the excited state of the com-
pound, resulting in the formation of a non-fluorescent associated species.33 The
effect of water could be studied with the help of a modified Stern—Volmer
equation:34

I°q/In = (1 + Kqrey,0)/(n°/n)

where K is the rate constant for quenching,  is the life time of the excited sing-
let state, and [°q is the fluorescence intensity in the absence of water, #° and # are
the viscosity of pure methanol and methanol-water mixture, respectively.

From the modified Stern—Volmer plot of (/°a/In)*(#°/n) vs. cy,0 on the
fluorescence quenching, it is clear that fluorescence quenching by water is depen-
dent on the viscosity of the solvent. The slope of the plot is 1.29x102 M1,
However, the reported value for curcumin34 is 1.38x10-2 M~1, which indicates
that the effect of water quenching on the fluorescence of HpL4 is slightly less
than that of curcumin.

Effect of metal ions. Metal ions generally influence the fluorescent intensity
and fluorescent maxima of organic molecules. In the present study, the effect of
Cu(Il), Ni(II), Co(1II), Zn(II), Cd(IT) and Hg(II) ions on the fluorescent intensity
and fluorescent maxima of HoL#4 were measured. The results are summarized in
Tables III and IV. The observed data revealed that in all the cases, the fluorescent
maxima showed only marginal shift (=5 nm) with increasing concentration of
metal ions, whereas the fluorescent intensity was highly dependent on the metal
ion concentration. Thus the presence of Cu(Il), Ni(II) and Co(II) ions decreased
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the fluorescent intensity of the Schiff base. In the case of Zn(Il), Cd(Il) and
Hg(II) ions, the decrease in the intensity was very small.

TABLE III. Effect of Cu(Il), Ni(Il) and Co(II) ions on the fluorescence intensity of H,L*;
concentration of H,L* was 1 uM

Concentration of Cu(Il) Ni(II) Co(ID)
metal(1l) Animax Fluorescence  Aggax Fluorescence  Aqmax  Fluorescence
solution, UM nm intensity nm intensity nm intensity
0 792 322 800 174 796 491

1 792 298 802 139 796 457

2 791 270 805 135 795 415

3 796 195 803 128 796 364

4 792 141 804 120 797 352

5 797 120 801 93 796 308

6 796 100 802 86 795 276

7 796 88 801 76 795 247

8 799 66 801 55 794 221

From the measurements, it is clear that whether or not the metal ion form a
complex with the organic molecule in its ground state, they have significant
influence on the fluorescence.

Table IV. Effect of Zn(II), Cd(IT) and Hg(Il) ions on the fluorescence intensity of H,L%;
concentration of H,L* was 1 uM

Concentration Zn(1I) Cd(ID) Hg(II)

of metal(Il) Aimax  Fluorescence  Aqmax  Fluorescence  Agmax  Fluorescence
solution, UM nm intensity nm intensity nm intensity
0 795 372 799 258 798 243

1 795 369 798 243 797 242

2 795 366 797 239 797 240

3 794 364 797 238 797 229

4 796 368 797 238 796 228

5 795 361 797 237 798 222

6 795 368 799 232 798 222

7 794 363 797 233 797 209

8 795 362 797 230 797 205

Generally, paramagnetic metal ions influence the intensity of fluorescence
because paramagnetic spectrum enhances the rate of intersystem crossing in org-
anic molecules.33 This may be due to the influence of the unpaired electron on
the excited state of the ligand.

In the presence of metal ions, the changes in the fluorescent intensity of an
organic metal chelating ligand molecule may be due to several factors. The metal
ion form complexes with the ligand. Then the complex may be fluorescent or
non-fluorescent. If the complex is fluorescent, it may emit at different wave-
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lengths. When the complex is non-fluorescent, the emission profile depends only
on the ligand concentration. Another factor that may affect the fluorescence
intensity is the magnetic properties of the metal ion. Most of the paramagnetic
metal ions are effective quenchers of fluorescence and cause a reduction in the
fluorescence intensity. An excited state charge transfer process occurs between
the fluorescent molecule and the metal ion. Spin—orbit coupling between the
unpaired electron on the metal ion and the excited state of the molecule also inc-
reases the rate of intersystem crossing.3> Hence, the decrease in the fluorescence
intensity in the presence of Cu(Il), Ni(II), and Co(Il) ion was due to the form-
ation of non-fluorescent complexes. The emission profile was due to the free lig-
and molecules that were not involved in the chelation process.35

CONCLUSIONS

Four new Schiff bases (HoL! to H,L#) were synthesized by condensing both
the carbonyl groups of four unsaturated 1,3-diketones (1,5-diarylpent-4-ene-1,3-
-diones) with the amino group of o-aminophenol. The existence of these Schiff
bases in the intramolecularly hydrogen bonded imine—enamine form has been
well demonstrated from their physical, analytical and various spectral data. Spec-
tral and analytical data of the metal complexes are in agreement with the dibasic
tetradentate coordination of the Schiff bases with ML stoichiometry (M = Cu(II),
Ni(II), Co(II), Zn(II), Cd(II), and Hg(Il)) in which both the phenolic protons of
the ligand are replaced by the divalent metal cations. The fluorescent studies of
the typical Schiff base HoL# showed that fluorescence emission maxima shift
with increasing polarity and hydrogen bonding ability of the solvent. As the con-
centration of metal ion increases, a decrease in fluorescence intensity was obs-
erved for paramagnetic Cu(Il), Ni(Il) and Co(Il) ions. The results revealed that
the intensity of fluorescence of the Schiff base HoL# is not significantly affected
by diamagnetic Zn(II), Cd(II) and Hg(II) ions.

SUPPLEMENTARY MATERIAL

Spectral data of the synthesized Schiff bases (HpL) are available electronically at the
pages of journal website: https://www.shd-pub.org.rs/index.php/JSCS/index, or from the
corresponding author on request.
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U3BOJ
1,5-JUAPUJITIEHT-4-EH-1,3-JUOH TN ®OBE FA3E U (hbUXOBU KOMIIJIEKCH
METAJIA: CUHTE3A, KAPAKTEPU3ALIUJA U ®JIYOPECUEHTHA UCITUTHUBAKBA

MUHAMMED BASHEER UMMATHUR', RADHIKA PALLIKKAVIL? u KRISHNANNAIR KRISHNANKUTTY?

1Department of Chemistry, KAHM Unity Women’s College, Manjeri, Kerala-676122, India u
*Department of Chemistry, University of Calicut, Kerala-673635, India

KonpeHnsauoHoM peakxnujom usmely o-amuHodeHona v He3acuheHux aukeToHa (1,5-
-IuapunneHT-4-eH-1,3-0M0OH) CUHTeTHCaHa Ccy 4eTWpu auranpa tumna lludosux Hasza (HZLi—
—-H,L%). Ha ocxosy IR u "H-NMR cneKkTpocKONCKMX M MAacEHHX CTIEKTPOMETPHjCKHX MEpPema
notepheHo je ga cBe cunTetHcaHe [Indose dase cafgpxe UMUH—EHaMUHCKY CTPYKTYPHY jenu-
Huly. TerpageHTaTHa koopiuHanuja oBux lludosux 6a3a (L) y oxrosapajyhum ML xom-
mwiekcuma )M = Cu(Il), Ni(II), Co(II), Zn(II), Cd(II) u Hg(Il)= norBpheHa je HA OCHOBY
(bU3NUKOXEMUjCKUX, aHAIUTHYKUX U CIEKTPOCKOTICKUX HUCNUTHBamba. PIyopecueHTHa HUCIH-
tusama H,L* [lludose Gase cy nokasana ja ce eMUCHOHH MaKCHMyM Nomepa ca nosehamem
NI0JIAPHOCTH pacTBapaya U BEroBe CIoCOOHOCTH 3a (OPMHUPake BOSOHUUHUX Be3a. [Tapamar-
HetuHu Cu(Il), Ni(II) u Co(II) joru cmamyjy uiyopecrieHTHH WHTEH3UTeT ca MnoBehamem
KOHIIEHTpalldje OBUX joHa MeTaia, Aok AujamarHetnyHu Zn(II), Cd(II) u Hg(Il) jonu umajy
BPJIO MaJIM yTHLIAj HA HHTeH3HuTeT dopecuennuje H,L4 Illudose Gase.

(ITpumspeno 20. Maja, peunupaHo 27. centemdpa, mpuxsaheno 28. centemdpa 2020)
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Schiff bases of 1,5-diarylpent-4-ene-1,3-diones and their metal
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J. Serb. Chem. Soc. 86 (1) (2021) 39-49
Synthesized Schiff bases (H)L)

HL! (Co9Hy4N>05). IR (em1): 1610s (C=N), 1580s (C=C), 1280m (C-N),
1540m (N-H); TH-NMR (& / ppm): 8.62 (1H, NH), 10.10 (1H, phenolic OH),
9.50 (1H, methine), 5.88 (1H, alkenyl), 8.06 (1H), 7.90 (1H); mass spectrum
(m/z): 433, 357, 321, 255, 181, 103; UV (Aax / nm): 364, 265.

H,L? (C39H6N>03). IR (cm™1): 1614s (C=N), 1586s (C=C), 1278m (C-N),
1542m (N-H); 'H-NMR (& / ppm): 8.60 (1H, NH), 10.74 (1H, phenolic OH),
9.52 (1H, methine), 5.81 (1H, alkenyl) 8.04 (1H) 7.86 (1H), 3.92 (3H, OCH3);
mass spectrum (m/z): 462, 385, 355, 329, 252, 133, 107; UV (Amax / nm): 366,
258.

H>L3 (C31H6N>05). IR (cm1): 1610s (C=N), 1578s (C=C), 1280m (C-N),
1544m (N-H); TH-NMR (& / ppm): 8.58 (1H, NH), 10.66 (1H, phenolic OH),
9.60 (1H, methine), 5.78 (1H, alkenyl), 7.98-8.10 (4H); mass spectrum (m/z):
433, 355, 329, 278, 175, 129, 103; UV (Apax / nm): 360, 262.

HoL? (C30H26N204). IR (cm1): 1608s (C=N), 15765 (C=C), 1276m (C-N),
1540m (N-H); 'H-NMR (& / ppm): 8.62 (1H, NH), 10.72 (1H, phenolic OH),
10.15 (1H, phenolic OH), 9.56 (1H, methine) 5.82 (1H, alkenyl), 8.06 (1H) 7.90
(1H), 3.88 (3H, OCH3); mass spectrum (m/z): 478, 355, 401, 329, 252, 149, 123;
UV (Amax / nm): 358, 265.

Synthesized metal complexes

CuL! (Cy9H»;CuN>05). IR (cml): 15525 (C=N), 1582s (C=C), 1260m
(C-N), 1536m (N-H), 580m & 520m (M-N), 472m & 423m (M-0); mass
spectrum (m/z): 495, 493, 432, 418, 416, 392, 390, 355, 341, 339, 315, 313, 252;
UV (Amax / nm): 384, 275.

* Corresponding author. E-mail: mbummathur@gmail.com
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NiL!(H30); (Cy9HsN>NiOy). IR: (cm1): 1550s (C=N), 1576s (C=C),
1256m (C-N), 1538m (N-H), 580m & 528m (M-N), 470m & 420m (M-0); UV
(Amax / nm): 390, 278.

CoLI(H30); (Cy9H>5CoN>0y). IR (cml): 1558s (C=N), 1578s (C=C),
1258m (C-N), 1539m (N-H), 577m & 520m (M-N), 467m & 425m (M-0); UV
(Amax / nm): 386, 272.

ZnL! (Cy9H»>>N205Zn). IR (cm1): 15565 (C=N), 1580s (C=C), 1258m
(C-N), 1540m (N-H), 576m and 522m (M-N), 468m and 422m (M-O);
IH-NMR (&/ ppm): 8.60 (1H, NH), 6.34 (1H, methine) 8.13 (1H, alkenyl), 7.98
(1H, alkenyl); UV (Amax / nm): 380, 268.

CdL! (C9H»>,CdN>03). IR (cm1): 1558s (C=N), 1584s (C=C), 1262m (C—
N), 1538m (N-H), 574m & 520m (M-N), 472m & 425m (M-0); UV (Apax /
nm): 392, 272.

HgL! (Cy9H>HgN>05). IR (cm™1): 1560s (C=N), 1582s (C=C), 1266m
(C-N), 1542m (N-H), 578m & 526m (M-N), 474m & 426m (M-0); UV,(Amax /
nm): 392, 272.

Cul? (C39H>4CuN>03). IR (cm1): 1550s (C=N), 1580s (C=C), 1266m
(C-N), 1540m (N-H), 580m & 522m (M-N), 470m & 424m (M-0O); mass
spectrum (m/z): 525, 523, 462, 448, 446, 418, 416, 392, 390, 385, 315, 313, 252;
UV (Amax / nm): 396, 278.

NiL?(H>0); (C3pH>gN>NiOs). IR (em~1): 1550s (C=N), 1582s (C=C),
1258m (C-N), 1536m (N-H), 580m & 528m (M-N), 467m & 420m (M-0); UV
(Amax / nm): 390, 268.

CoL?(H;0), (C39H3CoN>0s5). IR (cm1): 15525 (C=N), 1584s (C=C),
1259m (C-N), 1534m (N-H), 580m & 523m (M-N), 469m & 427m (M-0O); UV
(Amax / nm): 396, 278.

ZnL? (C3pH»4N>03Zn). IR (cm~1): 1547s (C=N), 1580s (C=C), 1260m
(C-N), 1540m (N-H), 574m & 520m (M-N), 472m & 423m (M-0); 'H-NMR
(0 / ppm): 8.59 (1H, NH), 6.26 (1H, methine), 8.10 (1H, alkenyl) 7.92 (1H,
alkenyl), 3.92 (3H, OCH3); UV (Aiax / nm): 386, 272.

CdL? (C3pH4CdN>03). IR (cm~1): 15525 (C=N), 1576s (C=C), 1262m (C—
N), 1542m (N-H), 580m & 522m (M-N), 474m & 426m (M-0); UV (Apax /
nm): 392, 274.

HgL? (C39H4HgN>03): IR (cm™1): 15535 (C=N), 1578s (C=C), 1260m
(C-N), 1538m (N-H), 582m & 520m (M—-N), 462m & 420m (M—-0), UV (Amax /
/nm): 390, 269.

Cul3 (C3;H>4CuN>0>). IR (cm1): 1558s (C=N), 1578s (C=C), 1260m
(C-N), 1540m (N-H), 580m & 520m (M-N), 472m & 420m (M-0); mass
spectrum (m/z): 521, 519, 444, 442, 433, 418, 416, 392, 390, 355, 341, 339, 329,
278,175, 103; UV (Aax / nm): 388, 272.
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NiL3(H;0); (C3;HygN>NiOy). IR (cm™!): 15435 (C=N), 1580s (C=C),
1256m (C-N), 1540m (N-H), 578m & 522m (M-N), 462m & 423m (M-0); UV
(Amax / nm): 390, 282.

CoL3(H30); (C31H3CoN>0y). IR (cml): 15495 (C=N), 1589s (C=C),
1258m (C-N), 1545m (N-H), 576m & 523m (M-N), 465m & 427m (M-0); UV
(Amax / nm): 392, 280.

ZnL3 (C3;HyN>05Zn). IR (cm™1): 1551s (C=N), 1577s (C=C), 1263m
(C-N), 1538m (N-H), 576m & 526m (M-N), 482m & 422m (M-0O); 'H-NMR
(0 / ppm): 8.60 (1H, NH), 6.26 (1H, methine), 8.06-8.22 (4H, alkenyl); UV
(Amax / nm): 394, 272,

CdL3 (C3;H>4CdN>0;). IR (ecm™1): 15505 (C=N), 1575s (C=C), 1265m
(C-N), 1543m (N-H), 580m & 522m (M—N), 470m & 423m (M—0); UV (Amax /
/nm): 396, 287.

HglL3 (C3;H>4HgN>05). IR (cm1): 15635 (C=N), 1580s (C=C), 1259m
(C-N), 1536m (N-H), 572m & 526m (M—-N), 472m & 426m (M-0); UV (Amax /
/ nm): 390, 280.

Cul? (C39H>4CuN>0y4). IR (cmx1): 1553s (C=N), 1576s (C=C), 1256m
(C—N), 1534m (N-H), 579m & 520m (M-N), 472m & 423m (M—O); mass
spectrum (m/z): 480, 478, 403, 401, 357, 355, 331, 329, 254, 252, 478, 355, 123;
UV (Amax / nm): 389, 277.

NiL4(H,0), (C39H>gN>NiOg). IR (cm~1): 15505 (C=N), 1578s (C=C),
1250m (C-N), 1540m (N-H), 580m & 522m (M-N), 470m & 426m (M-0); UV
(Amax / nm): 394, 285.

CoL#(H;0), (C3pHy8CoN>0g). IR (cml): 1556s (C=N), 1576s (C=C),
1256m (C-N), 1544m (N-H), 570m & 528m (M—N), 460m & 427m (M—0); UV,
(Amax / nm): 396 280.

ZnL?) (C30H»4N204Zn). UV, IR (cm1): 1560s (C=N), 1580s (C=C), 1262m
(C-N), 1542m (N-H), 580m & 522m (M-N), 470m & 424m (M-0O); 'H-NMR
(0/ ppm): 8.56, (1H, NH); 6.22 (1H, methine); 8.13 (1H, alkenyl); 7.98 (1H);
3.92 (3H, OCH3); 3.86 (3H, OCHj3), 10.16 (1H, phenolic OH); UV (Apax, Nm):
386, 285.

CdL*; (C39H>4CdN>0y): IR (cm™1): 1551s (C=N), 1576s (C=C), 1256m
(C-N), 1540m (N-H), 570m & 528m (M-N), 472m & 420m (M-0); UV (Amax /
/nm): 393, 279.

HgL42 (C30H>4HgN>0y): IR (Cmfl)t 1547s (C=N), 1578s (C=C), 1253m
(C-N), 1538m (N-H), 576m & 520m (M—N), 480m & 422m (M—0); UV (Amax /
/nm): 388, 276.
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Abstract: Crystal engineering is an integral part of the drug development res-
earch. Crystal forms can modify the physicochemical properties of the parent
drug molecule. The present work was aimed at the synthesis and character-
ization of crystalline product of lamotrigine (LT), an U.S. Food and Drug
Administration approved anti-epileptic drug, with citric acid (CA) to improve
its release in gastric region and oral absorption. The crystalline products of
LT—CA were developed by solvent evaporation method using ethanol-water as
the solvent system. Appearance of new characteristic peaks in the FTIR spectra
for the crystal products indicated formation of new crystal state. In DSC ther-
mogram, melting point of the experimental crystal products was different than
that of the pure drug. Further, formation of new crystalline phase was con-
firmed from XRD data through the identification of new sharp peaks for the
selected crystal products. A higher cumulative percentage of drug release was
observed for the crystal products than for the free drug within 60 min of drug
release in simulated gastric fluid. However, in vivo studies are warranted for
the future technology transfer of the product at industrial scale.

Keywords: anti-epileptic; onset of action; BCS class II; solvent evaporation
method; lattice strain.

INTRODUCTION

Crystal engineering has been emerged as an important tool in pharmaceutical
industry to improve the dissolution and absorption rate of poorly soluble drugs.!
Poor dissolution rate directly influences the therapeutic efficacy of pharmaceut-
icals, and significantly lowers the market value of a drug.2 Especially, in the case
of neurological disorders like epilepsy, timely absorption of drugs is very crucial
to elicit prompt therapeutic action. However, many pharmaceutical agents have
low aqueous solubility, which delays their absorption and consequently leads to
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https://doi.org/10.2298/JSC200705049S

51

Available on line at www.shd.org.rs/JSCS/

(CC) 2021 SCS.



52 SATAPATHY et al.

delayed onset of action.3 Thus, enhancing the dissolution rate of poorly soluble
drugs without compromising their therapeutic potential or stability has been a
major challenge in pharmaceutical industry during crystal product development.
Crystals may be described as orderly arrangement of molecules in a geometrical
pattern in three-dimensional space, where the molecules are connected through
intermolecular bonds.# Suitable crystalline product of active pharmaceutical ing-
redients (APIs) can enhance important physicochemical properties like melting
point, solubility, dissolution rate, refractive index, stability etc. without affecting
their intrinsic therapeutic property and thus improves the industrial feasibility and
patient compliance.’

Lamotrigine (LT), a widely used anti-epileptic drug, has poor aqueous sol-
ubility with low absorption rate.® It has been recommended for the treatment of
both partial and generalized seizures (primary tonic/clonic seizure).® LT has the
advantages of fewer side effects associated with a higher therapeutic index unlike
other anti-epileptic drugs, thus it does not require regular blood monitoring after
administration. However, LT belongs to class II of Biopharmaceutical System of
Classification (BSC). Being a BCS class 11 drug (low solubility and high perme-
ability), it has poor solubility in aqueous medium (0.17 mg/ml at 25 °C) and also
is slightly soluble in 0.1 M. HCI (4.1 mg/mL at 25 °C). It is a weak base having
dissociation constant (pK,)? 5.7 with n-octanol: water partition coefficient of
1.19 (log P) at physiological pH.8 Thus, absorption of LT after oral adminis-
tration is dependent on the rate of dissolution and release under physiological
conditions. Peak plasma concentrations are achieved after 2.5 h after oral admin-
istration. Low aqueous solubility linked with poor dissolution rate delays its abs-
orption and onset of action. Hence improvement in dissolution rate is expected to
elicit a faster absorption of the drug leading to a quicker onset of action, which is
highly essential to control the seizure episodes in epileptic patients. For quicker
onset of action lamotrigine orally disintegrating tablet has been formulated by
Patil et al.9 Though, several crystal products of LT has been reported over past
years for the improvement of solubility and dissolution rate, however an opti-
mized crystalline product of LT with citric acid (CA) is yet to be reported.!0-12
The present work aimed for the development and characterization of a novel
crystalline product of LT with CA to improve its dissolution rate and oral abs-
orption for enhanced clinical outcome. The study involved characterization of the
LT—CA crystal products by different analytical techniques along with in vitro
dissolution studies to report the optimized crystal product for future in vivo studies.

EXPERIMENTAL

Chemicals

LT was received as gift sample from Unichem Pvt. Ltd., MP, India. CA was purchased
from Sisco Research Laboratories, Maharastra, India. Ethanol was received from Merck Spe-
cialties Pvt. Ltd., India. All other chemicals used in the experiment were of analytical grade.
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Synthesis of experimental crystal products

The LT-CA crystal products were prepared by the conventional solvent evaporation
method with required modifications. Briefly, accurately weighed amount of LT was mixed
with accurately weighed amount of CA in a beaker. The mixtures were then dissolved in 50
vol. % ethanol followed by slow drying at 40—-50 °C for 72 h.13 Slow evaporation of the sol-
vent under controlled conditions induced crystallization. The crystal products were formulated
at three different molar ratio of LT with CA, i.e., 1:1, 2:1 and 3:1. After complete removal of
organic solvent, the dried crystal products were collected, weighed and stored until further use.

In vitro characterization

Fourier transform infrared (FTIR) spectroscopy. FTIR study was carried out with the
help of a FTIR spectrophotometer (JASCO, FT/IR-4100). For the study, LT, CA along with
selected crystal products, were mixed separately with IR grade potassium bromide (at 100:1
ratio) to prepare thin pellets.!* A pressure of 5 t was applied in a hydraulic press for 5 min to
prepare the pellets. Those were then scanned in the FTIR spectrophotometer over a wave
number range of 400 to 4000 cm’!. The spectra manager software (version 2.0) was employed
to analyze the peaks.

Differential scanning calorimetry (DSC). For the DSC experiment, required quantity of
samples of pure drug (LT), CA and all the selected crystal products were taken in crimped
aluminum pans with pin-hole.!> Calibration of the instrument about heat flow and temperature
was done by Indium (m.p. 156.6 °C). Heating rate of 10 °C per min was used within a
temperature range of 30—300 °C along with an inert (N,) atmosphere. The study was carried
out by using a DSC-1 (Mettler Toledo DSC) with STARE® software.

X-ray diffractometry. X-ray diffractometry of free drug along with the synthesized crys-
tal powder products was carried out to obtain idea on the crystallinity, crystal orientations
along with other structural parameters. Briefly, dry powdered sample was placed on the glass
slide and analyzed with the help of a powder X-ray diffractometer (Ultima, IV, Japan). For the
experiment, an X-ray of 40 kV/40 mA was applied on the tested samples at a detection angle
(20) for 120 5.16:17

In vitro drug release study

The release profile of the drug from different crystal products was estimated in a USP
XXIII dissolution testing apparatus (Dissolution tester (USP) TDTO6L, Electrolab) using
rotating paddle method.!%!3 For the experiment, a weighed amount of powder sample of LT
(100 mg) and selected crystal products (100 mg equivalent LT) were placed in a dissolution
vessel rotated at 50 rpm at 37+0.5 °C. Simulated gastric fluid (900 ml of 0.1 M HCl at pH 1.2)
was taken as the release medium. The study was conducted for 60 min duration. During the
study, at time intervals of 5, 10, 20, 30 and 60 min, 10 ml of samples were withdrawn from
the dissolution chamber through a syringe with simultaneous replenishment of fresh release
medium to maintain the sink condition. After collection, the samples were filtered using a
membrane filter (0.25 pm). The filtered aliquots following required dilutions were analyzed at
267 nm using a UV—Vis spectrophotometer (JASCO V-630, Japan) against 0.1 N HCI as blank.

Statistical analysis

The experiments were carried out in triplicate for accuracy and reproducibility. Data was
expressed as the mean + standard deviation (SD). Model independent statistical methods such
as the difference factor f; and the similarity factor f; were applied for comparison of two
dissolution profiles.
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RESULTS AND DISCUSSION
Crystal product development

The experimental crystals were synthesized in three different mole ratios of
LT and CA such as 1:1, 2:1 and 3:1. In all the crystal products, amount of CA
was kept constant, whereas amount of the drug was varied under identical experi-
mental conditions. Out of several crystal product batches, here we have reported
three sets of crystal products, i.e., L1S1, L2S1 and L3S1. The composition of
various crystal products was depicted in Table I. Simultaneously we have pro-
vided a schematic representation of LT-CA crystals (Fig. 1) to depict the pos-
sible mechanism of development of crystal structure by the formation of strong
covalent bond (peptide) between the functional group of LT and CA.

TABLE 1. Crystal products of lamotrigine—citric acid by solvent evaporation method in
ethanol-water as solvent system

Crystal product code Mole ratio (LT:CA) mr/ g mepal g
L1ClI I:1 1.87 1
L2C1 2:1 3.75 1
L3Cl1 3:1 5.62 1

In the schematic diagram, three possible mechanism of crystal formation has
been depicted via three line diagrams (A, B and C). Considering three numbers
of acidic (~COOH) groups present in one molecule of citric acid, there arise three
probable types of stoichiometric ratio between the LT and CA molecules, viz.
1:1, 2:2 and 3:1 during the formation of crystal structure. Thus, all the three types
of possible molecular arrangement in the crystal lattice at different ratio have
been schematically represented. The resultant peptide bond formed between the
components would make the crystal product more stable and also it would help to
improve solubility property. This form of peptide bond will remain stable in hyd-
rolysis, however under acidic conditions (pH 2—4); it can be readily broken into
individual components.

FTIR study

FTIR is an important analytical technique, which is often used as a pre-crys-
tal product study to assess any incompatibility between the drug and excipient.
Any significant shifting in the characteristic peaks of the drug or excipient or
appearance of new peaks in the crystal product justifies intermolecular interact-
ion and formation of new products. In the FTIR spectra, major functional groups
of LT that is at 3448 (N-H aromatic stretching), 3210 (C—H aromatic stretching)
1645 (C=N),? 1292 and 1319 cm™! (two weak intensity sharp peaks for C-N
bending vibration), 1405-1458 cm™! (four peaks in pairs for aromatic C=C
stretch benzene ring), 1051 (C—Cl), 716 (ortho-substituted benzene), 790 cm™!
(meta substituted benzene), etc. were all present in the spectrum of pure LT.
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However, few changes in the characteristic peaks of experimental crystal pro-
ducts as compared to free drug (LT) were observed, which indicate formation of
new crystalline phases (Fig. 2). The sharp peak observed for LT at 3448.21 cm™!
(due to N—H aromatic stretching) was found to be shifted at 3360.35 (L1Cl),
3329.5 (L2C1) and 3332.39 cm™! (L3Cl), respectively. Similarly, the strong
peaks observed in the FTIR spectra of the crystal products due to C—N stretching
vibration (for aromatic amine), i.e., 1284.36 (L1C1), 1291.11 (L2Cl1), and
1297.86 cm™! (L3C1) were absent in the FTIR spectrum of the pure LT. Further,
the strong peaks at 1754.9 and 1684.55 cm™! (C=O stretching of the COOH
group) along with 3364 and 3011 cm™! (O-H stretching) for CA were absent in
the crystal products. Particularly, in the crystal product L3C1 (3:1 mole ratio of
LT and CA), much changes of the peaks for COOH group was observed, signi-
fying stoichiometric formation of C—N bonds between NH, groups (three mole-
cules of LT) with three COOH groups (one molecule of CA). In a nutshell, such
type of changes in the peaks justified successful formation of intermolecular
bonds in between the components to develop the new crystal state.
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Fig. 1. Schematic representation of LT-CA crystal formation.
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Fig. 2. FTIR spectra of pure drug (LT), excipient (CA) and crystal products (L1C1, L2C

DSC study

and L3C1).

Differential scanning calorimetry helps to study the thermal behavior of the
crystal form relative to the individual components along with any possible chem-
ical interactions between the drug and excipient.!® DSC thermogram of LT and
experimental crystal products (L1C1, L2C1 and L3C1) were presented in Fig. 3.
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Fig. 3. DSC thermograms of pure drug, excipient (SA) and the crystal products (L1C1, L2C1

and L3C1).

DSC study of the pure drug showed sharp endothermic peak at 215 °C,
whereas the experimental crystal products showed sharp peaks at 183 and 125
°C, respectively. From the DSC study, thermal profile of formed crystalline pro-
duct was found to be different from that of the pure drug, which overall signified
formation of new crystalline state. Further, there was no sign of chemical incom-
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patibility found in the DSC thermogram, which is another important criterion for
successful crystal product development.

PXRD study

To depict the phase identification of a crystalline material and to provide
information on unit cell dimensions, XRD study has been used as an important
analytical tool.20 In XRD, a monochromatic beam of X-ray is actually allowed to
fall on the powdered sample. Reflected X-rays are then detected by a detector
fitted with the machine. Usually, amorphous regions of the samples produce
broad peaks in contrast to crystalline regions, which produce relatively sharper
peaks. From the experiment, XRD patterns of the experimental crystal products
were different from that of the pure drug. For the pure drug, the characteristic
crystalline peaks have been identified at 26 12.39, 17.35, 25.44, 27.78 and 28.33°
(Fig. 4). However, some new peaks were observed in the crystal products. From
the XRD data it was clearly found that L3C1 show sharp peak, which was differ-
ent from that of L1C1 and L2C1, which confirmed the formation of novel crys-
talline phase. The relatively smaller peaks in case of L1C1 and L2C1 might be
due to the phenomenon of amorphization in the product.

MLWM\ -

L2C1

L1C1

LT Fig. 4. PXRD data of the pure drug
10 15 20 25 30 35 40 45 S0 55 60 65 70 and the crystal products (L1C1, L2Cl
20/° and L3C1).

Debye—Scherrer formula was employed to find out other characteristic pro-
perties like particle size, strain and dislocation density in the formed crystal pro-
ducts (Table II).

Crystal size was calculated using following equation:

D =0.94/fcos 6 (D)
The particle strain in lattice was determined from the equation:
&= pl/tan 6 2)

where, e = strain, b = full width half maxima (FWHM), D = crystallite size, [ =
wavelength.
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TABLE II. Crystal lattice dislocation and strain arising from crystal imperfections

Crystal product Particle size, nm Dislocation densityx1013, m2 Strain
LT 69.54 20.68 0.3528
LICl1 38.90 90.30 0.3455
L2C1 46.68 66.50 0.6338
L3Cl1 53.55 50.72 0.3518

The dislocation density (J), which represents the amount of defects in the
sample and can be defined as the length of dislocation lines per unit volume of
the crystal was calculated:

5=1/D? 3)

The particle size was found lowest in case of L1C1 as compare to the pure

drug and other crystal products. The changes in the strain and dislocation value

between the pure drug and the crystal products may be due to the bond formation
between LT and CA.

In vitro drug release study

In vitro drug release study of the experimental crystal products along with
the free drug was carried out in simulated gastric fluid (pH 1.2). In vitro drug
release remains an inevitable piece of study for all solid oral dosage forms, which
actually signifies the rate and extent that an API is extracted from the crystal pro-
duct. Data generated out of in vitro release experiments play a crucial role in
designing in vivo test conditions.2! In our study, all the selected crystal products
showed higher dissolution profile than that of pure LT (Fig. 5). Among the crys-
tal products, L3C1 showed higher percentage of cumulative drug release (97.11
%) within 10 min of experimental release period. The difference factor f] and the
similarity factor f, as the model independent statistical methods were applied for
comparison of two dissolution profiles.3:22 Equivalence or similarity between
two dissolution profiles is based on f] < 15 and f> > 50 and so on. f1 and /> factor
between LT and L3C1 were found to be 17.807 and 30.964, respectively. Hence,
L3C1 may be reported as the optimized crystal product in our study as per in

100 -

N H— %" ==27g
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s 'I

T« 4 Fig. 5. In vitro dissolution data of

g pure drug (LT), and crystal products
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'% gastric fluid (0.1 M HCI, pH 1.2) for

é 20 60 min. All set of experiments were
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o

" _ .
i i 50 560 i 5 o mean+SD (1.1 . 3). Error bars indicate
Time, min standard deviation values.
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vitro release profile based on the f] and f, factor. The higher drug release pro-
perty of the reported crystal product might be due to the well formation of crystal
lattice with supramolecular arrangement of molecules in a three-dimensional space.

The uniqueness of the study lies in the formation of strong peptide bond
between LT and CA during crystal formation. Such strong covalent bond would
help the crystal product to remain stable under normal experimental conditions
including hydrolysis, but would readily break under low pH conditions. In the
presence of acids or at low pH, peptide bond can be broken easily to free the ent-
rapped drug molecule. As the peptides shorter than five residues are usually sol-
uble in water, thus formation of the peptide bond between the components in our
crystal product would increase the solubility of LT, which was the main aim of
the work.

The work is highly expected to have interesting clinical implications in fut-
ure days. These novel crystal products of LT-CA with higher dissolution rate
may be formulated in tablet dosage forms and can be compared with marketed
LT tablet crystal products to establish its superiority over other such crystal pro-
ducts. Though, LT tablets are widely available in the market in various doses, the
extent of variations in LT serum concentration between the marketed tablets and
tablets formed out of LT-CA crystals are yet to be investigated. By dint of its
unique developmental feature (i.e., formation of peptide bond, exceptionally
stable under normal condition, highly sensitive under acidic condition), the expe-
rimental crystal product in suitable dosage forms would certainly provide much
faster absorption of the drug with quicker onset of action, which undoubtedly
improve its therapeutic efficacy and patient acceptability. A prompt onset of
action is highly crucial to control the occurrence of epileptic seizures and is the
present need of the hour.

However, our work also has some limitations. As we discussed above, the
experimental crystal product has not been compared with any marketed LT tablet
crystal products for the in vitro drug release study. Further, the crystal geometry
or arrangement pattern of molecules/atoms during development of the crystal
structure could have been investigated. Moreover, our work is totally restricted to
in vitro studies; however, to get a clear idea on the therapeutic implications in
vivo studies, in suitable experimental epileptic animal models, are also required.
The data on the in vitro-in vivo correlation is also highly needed for its successful
clinical transfer. All such experiments are planned to be included in the future
course of our work.

CONCLUSIONS

Crystalline products of LT with CA have been developed for the improve-
ment of dissolution rate and oral absorption of the drug. FTIR and DSC studies
confirmed absence of any incompatibility between drug and excipient, however,
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minor shifting of some characteristic peaks as well as appearance of newer peaks
in the crystal product justified the formation of covalent bond (peptide) during
the formation of crystal structure. In FTIR spectra, strong peaks observed for the
crystal products, i.e., 1284.36 (L1C1), 1291.11 (L2C1) and 1297.86 cm™! (L3C1)
due to C-N stretching vibration (for aromatic amine) were clearly absent in the
FTIR spectrum of the pure LT. XRD data further confirmed formation of novel
crystalline phase. In XRD analysis, L3C1 showed much sharper peaks among all
the tested crystal products and pure LT justifying successful formation of crystal
phase. In vitro drug release study depicted higher dissolution rate for the crystal
products than the free LT under the identical experimental conditions. Further,
among all the crystal products, L3C1 showed the highest dissolution rate (97.11
% within 10 min) as compared to the pure drug (60.32 % within 10 min) and thus
reported as the optimized crystal product in our study. The production steps were
kept very simple with optimization of all critical processing parameters, which
would help for future technology transfer of the product at industrial scale.
Further in vivo studies are warranted to establish the crystal product in clinics.
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H3BOJ
E®EKAT KPUCTAJIMCAHUX I[TPOU3BOJA JJAMOTPUTMHA U3 CUCTEMA
JIAMOTPUTUH-TIMUMYHCKA KMCEJIMHA HA ITOBERAHO OCJIOBABAILE JIEKA'Y IN
VITRO CUMYJIMPAHOJ XEJTYOAYHOJ CPEIUHHU

BHABANI SANKAR SATAPATHY, ASUPRITA PATEL, RUDRA NARAYAN SAHOO u SUBRATA MALLICK

Department of Pharmaceutics, School of Pharmaceutical Sciences, Siksha ‘O’ Anusandhan (Deemed to be
University), Kalinganagar, Bhubaneswar-751003, Odisha, India

KpucTan-uHXewepuHr je CacTaBHU Je0 UCTPaKUBamwa Y 00IacTH pa3Boja HOBUX JIEKOBA.
Pasnuuute xpucrasHe popme HEKOT Jieka MOTy 3Ha4ajHO MOIHU(UKOBATH HeroBa GU3NUKO-
XeMHjCKa CBOjcTBa. Ln/b OBOT pajia je CHHTe3a M KapaKkTepHu3audja HOBUX KPUCTATHUX HOpMHU
namorpuruHa (LT, ox U.S. Food and Drug Administration ofodpeHOr aHTHIENTHYKOT JieKa) y
npUcycTBY nuMyHcKke kucenuHe (CA) y uusby merosor Beher oTmymrama y CHUMyJIHUPaHOj
KeMyayHoj cpesuHH U Bospe opanHe ancoprnuyje. Hose kpuctanHe popme npomykaTa U3 CUC-
TeMa JIaMOTPUTMH—IMMYHCKa KHCeIWHa Cy Ao0ujeHe MPUMEHOM METOfie yrapaBama CMelle
pacTBapava eTaHoja—Boja. IlocTojame HOBUX (OPMU KpUCTasa Jieka YTBPHEHO je Ha OCHOBY
kapaxtepuctuuHux curiana y FTIR cnextpy. ExcnepumeHnTanHo onpeheHe Tauke Tomsbema
I00HjeHUX KpUCTaJHUX (DOPMHU JIaMOTPUTHHA Cy OWJIe pas3u4yuTe Off TaYKE TOIM/bEHA YUCTOT
nexa. Taxohe, popMupame KpUCTanHUX GOPMH Jieka MOTBPheHO Ha OCHOBY IOCTOjarba HOBUX
owrpux curHana y XRD cnektpy. HaheH je Behu npoueHaT ornyurama jeka y CAMYIUPaHOj
XKETyHAavyHoj CPEJUHHU Y TOKY 60 min 3a eKCriepUMEeHTaIHO JodHjeHe KpucTanHe GopMe Jlexa y
OJHOCY Ha YMCT JieK. MehyTuM, y 11Msby pasBoja TEXHOJIOLIKOT ITpolieca 3a HHAYCTPHjCKy Mpo-
H3BOJIIbY JIEKa HEONIXOMHO je ypaguTH oArosapajyha in vivo UCIUTUBam®a.

(ITpummbeno 5. jyna, pesuavpaHo 8. asrycrta, mpuxsaheno 20. asrycra 2020)
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Abstract: In this work, the liquid chromatography retention time in monomeric
and polymeric stationary phases of PAHs was investigated. Quantitative struc-
ture retention relationship approach has been successfully performed. At first,
3224 molecular descriptors were calculated for the optimized PAHs structure
using Dragon software. Afterwards, the modelled dataset was divided using the
CADEX algorithm into two subsets for internal and external validation. The
genetic algorithm-based on a multiple linear regression was used for feature
selection of the most significant descriptors and the model development. The
selected models with five descriptors: nCIR, GGI3, GGI4, JGT and DP14 were
used for the monomeric column and nR10, EEig01x, Lim, H5v and HATS6v
were introduced for the polymeric column. Robustness and predictive perform-
ance of the suggested models were verified by both internal and external statis-
tical validation. The good quality of the statistical parameters indicates the sta-
bility and predictive power of the suggested models. This study demonstrated
the suitability of the established models in the prediction of liquid chromato-
graphic retention indices of PAHs.

Keywords: molecular descriptors; genetic algorithm; multiple linear regression;
prediction.

INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHs) establish a huge family of neutral
and stable organic compounds, composed of carbon and hydrogen, containing
from 2 to 6 fused aromatic rings.! PAHs are found in our environment as ubiquit-
ous, persistent and toxic molecules.

* Corresponding author. E-mail: bouarranabil@yahoo.com
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Indeed, the pyrolysis or the carbonization of organic compounds as coal, oil,
and wood is the major source of PAHs.2 Generally, PAHs are applied as inter-
mediate compounds in pharmaceuticals, photographic products, lubricating mat-
erials, agricultural foodstuffs, thermosetting plastics, and other industrial pro-
ducts.3:! The emissions of PAHs during the incomplete combustion pose a seri-
ous disquiet for the environment.2 The reversed-phase liquid chromatography
(RPLC) is one of the important methods most used, versatile analytical tech-
niques.# Usually, the C18 phase is used in RPLC and LC? as a stationary phase
due to its excellent detection, separation and selectivity to PAHs and their iso-
mers.0

The experimental determination of LC retention indices (R/) for all possible
PAHs compounds is labor-intensive, and thus time-consuming and expensive.
Recently, alternative approaches have been extensively investigated in an attempt
to enhance the performance of substitute ways to obtain theoretical R1.4

Nowadays, quantitative structure retention relationship (QSRR) has gained
much interest from researchers in the area of separation science. The QSRR is a
powerful tool that provides promising methods for the valuation of R/ based on
structural descriptors calculated from the molecular structure.” The advantage of
the QSRR approach is that the built model permits the estimation of R/ for an
unknown, unmeasured or novel compounds which have a similar structure to
those used to build up the model.8 Moreover, the use of QSRR allows for the fast
and easily done input of the compounds’ structures that are usually studied. Also,
QSRR is used for the calculation, the analysis of descriptors and for the gener-
ation and validation of the model equation. Several estimation methods to under-
stand the specific molecular interactions that govern PAHs chromatographic sep-
aration have been investigated®-12 using topology of the molecule and/or quan-
tum chemistry parameters calculated for the optimized molecular structure.

The main purpose of the present work is to establish robust and accurate
models, which are capable to estimate the RI for the PAHs using combined
method genetic algorithm-multiple linear regression (GA-MLR). The predictive
power of the obtained models was validated by a prediction set. Moreover, the
applicability domain of the developed models was checked graphically based on
Williams plot. In addition, the developed models can help to understand and
describe the retention behavior by highlighting the necessary factors to represent
the relationship between the R/ of PAHs and their molecular structure.

EXPERIMENTAL

Dataset

The experimental R/ were taken from the study of Sander and Wise.!3 The reported
values are between 2 and 6 for both polymeric and monomeric columns. The retention data
are expressed as logarithms of RI (log I, Table S-I of the Supplementary material to this

paper).
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RI of the liquid chromatography of both monomeric and polymeric C18 reversed-phase
column were determinated using Vydac 201TP 104 (polymeric) 4.6 mmx25 cm (the separ-
ation group, Hesperia, CA, USA) and Zobrax ODS 6g(monomeric), 6.4 mmx25 cm (Dupon,
Wilington, DE, USA). The mobile phase used was composed of 85 % acetonitrile in water for
both columns. Pop et al.!'* illustrated that RI was similar to Kovéts indices in the gas chroma-
tography (GC). The equation used was expressed as:

logR, —logR,

logl, =logl, + (N

log R,+1) —logR,
where x, n and (n+1) and R represents the solute, the lower, the higher standard and the values
are the corresponding corrected retention volumes, respectively.

Descriptors generation

The chemical structures of the studied molecules were downloaded from the WebBook
database!® as SD-file format. The final geometry of the minimum energy conformation was
obtained by the B3LYP functional approach® in combination with the 6-31G (d) basis set. For
more information, the technical details of the geometric optimization of molecules are avail-
able at the NIST website.!> Afterwards, Dragon software V5.5!7 was used for the calculation
of 3224 molecular descriptors to describe the chemical’s structural diversity. Then, constant
descriptors, near-constant descriptors and highly correlation descriptors (R > 0.95) were exc-
luded by using built-in variable exclusion procedure in Dragon to reduce the initial pool of
descriptors and eliminate the redundant information that was not used. In the end, 398
molecular descriptors were retained.

Dataset division

In order to generate a strong QSRR model that could estimate the R/ of PAHs, based on
the algorithm of Kennard and Stone (Cadex),!® the data set was divided into the training and
the prediction set. The training set made up of 92 compounds was investigated to make the
final model while the remaining 40 compounds (prediction set) were used to validate the built
model (see Table S-II of the Supplementary material).

Model development and validation

QSARINS software!? was used to construct the QSRR model. In order to select the best
modelling descriptors, the statistical quality of all combinations of the whole descriptors was
explored by using multiple linear regression and the genetic algorithm-variable subset select-
ion (GA/VSS) methods based on ordinary least squares (OLS). The variable subset selection
procedure generates a ‘population’ of models, ranked according to decreasing R? values. The
optimal models were chosen according to Q?Leave-One-Out (0% o) as the optimization
value and take into consideration the parsimony principle regarding the complexity of the
models, which should be as small as possible. Moreover, the correlation between the des-
criptors and the response was verified by the O under influence of K rule?® to remove models
with high predictor collinearity and exclude chance correlation.

A key step in QSRR studies is the validation of the built models, aims to guarantee their
goodness of fit, reliability, robustness and ability to provide good predictions for new com-
pounds.?!

The coefficient (R%) was calculated to evaluate the goodness-of-fit and to estimate the
degrees of overall correlation. A robust model should have an R? values greater than 0.7.22
The R? was calculated using:
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Z?:I(;‘A’i —Ji )2
Z:l:](yi _;)2

where y;, ¥;, ¥, and n represents the experimental, the calculated, the mean value of the expe-
rimental R/ and the number of samples in the training set; respectively.

The reliability and consistency of a model can be investigated via the cross-validation
technique (CV).23 Leave-one-out (LOO) and leave-many-out (LMO) strategies can be carried
out by calculating the cross-validation coefficient (0% o) and (Q? mo)- In the LOO tech-
nique, each time one sample from the training set would be removed, consequently, several
models will be generated. Whereas, in LMO technique M represents a group of compounds
randomly selected that would be removed at the beginning and be predicted by the model,
which was developed using the remaining compounds.

According to Chirico and Gramatica,2%2* a model is statistically reliable if the 0% oo
value is greater than 0.6. 02 o values close to the 02|\ indicated that the model is robust.2
The 0% oo is defined as follows:

R =1- )

[N 2
Zizl(%‘/i —}’i)
Z:l:1(yf _)_’)2

where, y,;; is the value of log 7 predicted by the model built without the compound i according
to LOO method.

The predictive power of the built models was evaluated by calculating several external
validation metrics such as RZ., O%1,2° 0%:,270%:;,282° and the concordance correlation
coefficient (CCC).222430 For the predictive power of a model to be considered adequate, the
values of Q%;, 0% and Q% should be greater than 0.7, and the CCC,,, value must be
greater than 0.85.2224 The equations defined the external validation metrics are regrouped in
Table S-III of the Supplementary material.

Besides, the root mean square error (RMSE)! is calculated by squaring individual errors,
summing them, dividing the sum by their total number, and then taking the square root of this
quantity. Therefore, the RMSE summarizes the global error of the model used to measure and
compare the accuracy of the predictions in training and prediction set, i.e., the precision of the
QSRR and can be applied to predictions (i.e., RMSEp,):

QI%OO =1-

3)

Ttr(pr)
A2
RMSEtr(pr) :\/_ Z (yi _yi) (4)
Mepr) =1
Applicability domain (AD)

The applicability domain (AD)?32 of constructed model is a theoretical region in chemical
space, defined by the modeled response and model descriptors. In this region, compounds
possess similar structure, biological or physicochemical properties to the ones of the training
compounds. Williams plot is the typical graphical description of the AD, which represents the
standardized residuals versus leverages values (k;). Leverage values are calculated as the
diagonal of the Hat matrix:

b= xT (XTX) " %, (=10 (1)
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where x; is the descriptor vector of the compound and X is the nxp matrix containing p
descriptor values and n training compounds. Generally, the warning leverage?? is defined as
follows:

h*=3(k+l)

2

m

where m is the number of compounds in the training set and & is the number of descriptors in
the developed model.

Williams plot utilized as a graphical detection of both the outliers responses (i.e.,
chemicals with absolute standardized residuals greater than 3 standard deviation units) and the
structurally influential chemicals (i.e., chemicals with leverage values greater than the thres-
hold value 4; > h*).34

To ensure that the established model is reliable and robust, the Y-scrambling is one of
the most widely used techniques.?* Indeed, it is not uncommon to obtain fortuitous correl-
ations, i.e., a model with good statistical results (R2, Q%) for training, but involving descriptors
that in reality are not related to the modeled property. These random models can be detected
by the Y-scrambling procedure. It consists of randomly mixing the experimental property for
the training set and using the same descriptors, re-training the learning algorithm to try to
obtain a model. Normally, the obtained models should have very low performance.!?

RESULTS AND DISCUSSION

In order to develop the models, each column was treated separately by using
the same pool of available descriptor to the regression analysis procedure. For
each column type, it was a very important to see which of the descriptors were
considered significant in predicting the RI values. The regression analysis proce-
dure generated several reasonable models. The choice of the best model was
made by using many criteria such as the size of the model, the multiple correl-
ation coefficients (R2), leave one out cross-validation coefficient (Q?o0), the
external validation metrics, efc. The best model is one that has a high value of the
coefficients cited above. The optimal selected models for each column were
deduced to be:

Monomeric column:

log I = 1.40 + 0.0176nCIR + 0.442GGI3 + 0.733 + 1.36JGT+ 0.130DP14  (7)
R2=0.9799, 0?1 00 = 0.9771, O? Mo = 0.9770, RMSE, = 0.1155,
RMSE = 0.1083, CCC,, = 0.9898, RMSE ., = 0.1313, R% = 0.9721, Q% = 0.9714,
0% = 0.9706, Q%3 = 0.9705, CCCyy = 0.9849, s = 0.1120, F = 838.6887.
Polymeric column:
log I =-7.11+0.0970nR10 + 1.95EFig0ix + 0.169LIm +
+1.41H5v + 0.905HATS6v (®)
R*=0.9677, Q%100 = 0.9623, 0?1 Mo = 0.9617, RMSE., = 0.1263,
RMSE = 0.1083, CCC,. = 0.9836, RMSE,,, = 0.1292, R*,, = 0.9603, 0%, = 0.9584,
0% =0.9565, 0%k; = 0.9605, CCCy = 0.9770, s = 0.1209, F = 514.9955.
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The statistical parameters of the developed models prove that the established
models are stable, robust and predictive. Thus, the two models were approved, R?
values greater than 0.7 and CCCy values greater than 0.85. Additionally, these
two models had the smallest RMSE}; values and the greatest CCCy, values, which
indicate that these models presented the least error and the smallest differences
between the experimental and predicted data. Also, 0 oo and 0?1 Mo values for
models (polymeric and monomeric) are greater than 0.6 and very close to R2.
Additionally, the developed models presented the smallest RMSE,, values, which
confirm that these are the best models. The external validation results of the
developed models indicate that they have good predictive power, given that all
presented R2.y¢ values greater than 0.7, CCCeqy values are also greater than 0.85.
The external validation results (Q%p1, O%Fy and Q2f3) for each subset make it
clear that the two models were approved, in agreement with the criteria
recommended in the literature.22-24 Then, the built models were used to predict
the prediction set data (Table S-I).

Table I shows the statistical and the definition of the selected descriptors.
The regression coefficients of the descriptors presented in the models are signi-
ficantly larger than the standard deviation indicated by the high absolute #-values.
The values of probability (P) are less than 0.05 for each descriptor that means the
presence of every descriptor is statistically significant and indicates that the models
are not a result of mere chance. As can be seen from Table I, the variance inflat-
ion factor (VIF) values of all descriptors are less than five.35 Thus, there is no
collinearity between the selected descriptors, and the obtained models are stable.

TABLE I. Names, definitions and coefficients of selected descriptors in the developed models

Descriptor Descriptor definition Coeff SE. Coeff T P VIF
Polymeric

Constant -7.110 0.627 -11.33 0.000 -

nRI10 Number of 10-memberd rings 0.097  0.007 12.62 0.000 1.460

EEig0ix Eigen value 01 from edge adj. matrix ~ 1.945  0.136 1430 0.000 1.789
weighted by edge degrees

H5v H autocorrelation of lag 5 / weighted by 0.168  0.007  23.24 0.000 1.951
atomic van der Waals volumes
Lim 1** component size directional WHIM ~ 1.410  0.265 531 0.000 2.347

index / weighted by atomic masses
HATS6v Leverage-weighted autocorrelation of lag 0.904  0.262 344 0.001 1.496
6 / weighted by van der Waals volume

Monomeric
Constant 1.397  0.114 12160 0.000 -
nCIR Number of circuits 0.017  0.002  7.210 0.000 3.670
GGI3 Topological charge index of order 3 0.441  0.035  12.590 0.000 1.793
GGI4 Topological charge index of order4 ~ 0.733  0.039  18.640 0.000 2.518
JGT Global topological charge index 1.362  0.371 3.670 0.000 1.788
DP14 Molecular profile no. 14 0.130  0.007 17.98 0.000 1.544
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As shown in Fig. 1, the experimental and predicted values are very close.
This model fits well the experimental data (R2 = 0.96, 0.97, RMSE = 0.11, 0.10
for the training set and RZ%qy; = 0.96, 0.97, RMSE = 0.13, 0.11 for the prediction
set) for polymeric and monomeric column; respectively. A good internal robust-
ness (Q?tmo = 0.97, 0.96). So, the proposed models show an excellent
agreement between the experimental and predicted values.
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Fig. 1. Predicted versus experimental values of log /: a) monomeric column;
b) polymeric column.

Fig. 2 shows the residuals of the training and prediction data set. All the resi-
duals, that are distributed on both sides of the zero line uniformly and randomly,
indicated the absence of the systematic error in the developed model.
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Fig. 2. The residuals vs. training and prediction values for the developed models:
a) monomeric column; b) polymeric column.
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The built models were analyzed using Williams plots. The results show that
most of 132 compounds are within the area of the applicability domain of the
model and have been well predicted (Fig. 3). The leverage value of Naphthalene
for the polymeric column model is greater than the threshold 4#* = 0.195, while
for the monomeric column model four compounds (Indeno[1,2,3-cd]fluoran-
thene, naphthalene, benzo[ghi]perylene and dibenzo[def,mno]chrysene) from the
training set exceed the A* value (2* = 0.195). But their standardized residual
values are less than 3s. Thus, these compounds can stabilize the models and
make them more precise.33
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Fig. 3. Williams plot: a) monomeric column; b) polymeric column.

In order to identify outlier compounds, Williams plot shows that the stan-
dardized residuals for all molecules in the training and prediction sets are smaller
than three standard deviation units (£3s) in absolute value, except for monomeric
model only one compound in the training set (Benzo[a]naphthacene) and one in
the prediction set (perylene-3-methyl) were wrongly predicted, but have lower
leverage values, which means that they belong to the applicability domain of the
developed models. When the statistical parameters Q2%pi, 0%, O2%F3 and
CCCext,, which are indicators of the predictive ability have high values. Then, the
predicted log / by the developed model is reliable. Perhaps, the wrong predictions
may have happened due to incorrect experimental values.

In the goal of verifying the robustness of the developed models, Y-random-
ization test was applied. The dependent variable vector (log R/) was shuffled ran-
domly within the training set by using 200 iterations, knowing that on every iter-
ation a novel model will be generated.

Figure 4 (A-B) which represents the diagram of the statistical coefficients
O*vser and R?*ygr makes it possible to compare the results obtained for the
randomized models (squares) with the developed model (ring). It is clear that R?

Available on line at www.shd.org.rs/JSCS/

(CC) 2021 SCS.



QSRR OF PAHs RETENTION INDICES 7 1

and 02 values of the model are very high compared to the values obtained for the
randomized models. These results indicate that the robustness and the reliability
of the developed models are not due to chance correlation.

a b

) "Ry, 0 @y, O Developed model " R 0O @4, © Developed model

T T T T
0.40 0.45 0.50 0.55 0.35 0.40 0.45 0.50

Kxy Kxy
Fig. 4. Y-Scramble plot of R and Q? vs. Kxy for random models (Kxy: correlations among the
block of the descriptors and the experimental data).

The orders of importance for the selected descriptors in monomeric and
polymeric columns are as follow:

For the monomeric column: GGI4 (27.4862 %) > DPI4 (26.2492 %) > nCIR
(19.7418 %) > GGI3 (14.2261 %) > > JGT (12.2967 %).

For polymeric column: Lim (32.419 %) > EEig01x (22.102 %) > nR10 (19.789
%) > H5v (13.444 %) > > HATS6v (12.2434 %).

The two descriptors belonged to the GETAWAY-type descriptor3¢ are
namely H5v and HATS6v. H5v which belongs to the GETAWAY H-indices-type
descriptors that was calculated by H autocorrelation function along with the topo-
logical structure and weighted by atomic van der Waals volumes.3¢ The diagonal
elements of the molecular influence matrix were used to calculate the HAT6v
descriptor taking into account the relative position of each atom in the three-dim-
ensional molecular space weighted by van der Waals volume.3® The HAT6v
values are directly proportional to the ramification of molecules. The positive
influence of H5v and HATS6v on the log / indicated that the logarithm of R/ in
the polymeric column will be increased when the volume of a solute is increased.

The WHIM descriptor37 involved in polymeric model LIm, represent dif-
ferent sources of chemical information for the entire three-dimensional molecular
structure such as size, shape, symmetry, and atom distribution. They are calcul-
ated by carrying out a PCA on a weighted covariance matrix of the centred rec-
tangular coordinates of a molecule obtained from different atoms weighting
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schemes.37 LIm encodes the size of the molecule along with the second com-
ponent weighted via atomic masses. In Eq. (8), L/m showed a positive effect,
indicating that the increase of the molecule size increases the log /.

GGI3 and GGI4 are topological charge indexes of order 3 and 4 respectively,
while JGT is the global topological charge index which belongs to the Galvez
topological charge indices. Topological descriptors facilitate the identification of
the molecules through to their size, degree of ramification, flexibility and global
shape.3® Topological charge indices describe the charge transfer between atoms,
and therefore the global charge transfer in the molecule as it relates to the topo-
logy.39 These descriptors have a positive sign in the model equation which means
log I increase with the increasing of these predictors.

The two constitutional descriptors nR10 and nCIR are reported in the built
models reflecting the molecular composition of a compound without connectivity
and geometry information. The nR10 descriptor explains the presence of either
independent or fused 10-membered rings in molecules which play the main role
in the determination of physicochemical properties.3® While the nCIR descriptor
is the number of the circuit and includes both rings and circuits. The positive
coefficient of nR10 and nCIR suggests that the log / increase with the increasing
number of n-member rings.

The EFEig0Ix is an edge adjacency index, that belongs to topological des-
criptor obtained from the edge adjacency matrix, which encodes the connectivity
between graph edges. The positive coefficient of EFEig0Ix descriptor indicates
that the RI increases with the increasing of EEig0Ix values.38 The Randi¢ mole-
cular profile DP14%0 can characterize the three-dimensional structure of each
molecule. The Randi¢ molecular profile descriptors are particularly suitable in
similarity/diversity analysis since each profile well characterizes a molecule. The
positive sign of DP14 coefficient suggests that the log / increase with the mole-
cule branching.

CONCLUSION

QSRR method was utilized to investigate the relationship between the mole-
cular structure of PAHs and their retention indices. The good performance of
statistical parameters (R2, 0?1 0o, O%r1.F3 and CCC) and low RMSE values sug-
gest that the developed models possess a good predictive capacity, which helps to
estimate the R/ of PAHs in cases where R/ values are not available. The results
provide a simple and straightforward way to predict the RI just from the
molecular structures and gave some insight into the structural features related to
RI of the PAHs.
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H3BOJ
MPEABUBHAKE PETEHUMOHUX UHOEKCA ITOJTUITUKIITMYHUX APOMATHYHUX
VIJbOBOJJOHUKA Y PEBEPCHO-®A3HOJ TEHHOJ XPOMATOI'PA®UIU: TTIPUCTVYII
KBAHTUTATUBHE PEJTALIUJE CTPYKTYPE U PETEHIIMOHUX UHOEKCA
NABIL BOUARRA'? NADJI NAWEL', NOURI LOUBNA', AMEL BOUDJEMAA', KHALDOUN BACHARI"
1 DEJLLOUL MESSADI?
!Centre de Recherche Scientifique et Technique en Analyses Physico—Chimiques, BP 384, Zone Industrielle

Bou-Ismail, 42004 Tipaza, Algeria u “Laboratory of Environmental and Food Safety, Department of
Chemistry, Badji Mokhtar— Annaba University, PB 12, 23000, Annaba, Algeria

Y 0BOM pajy Cy UCTpaXHBaHa DETEHLIMOHA BPEMEHA y MOHOMEDHMM H NOJUMEPHUM
CTauMoOHapHUM (aszaMa MOMUIUKIHYHUX apOMATHUYHUX yI/boBogoHUKaA (ITAY) y TeuHoj xpo-
marorpaduju. TIpUCTyn KBaHTUTAaTHBHOM DpelalHjOM CTPYKType M PETEHLHje YCHEIIHO je
cnposepeH. [loyeto je ca 3224 Monexkyncka AeCKpUNTOpa U3padyyHATHM 3a ONTHMHU30BaHE
crpyxtype ITAY momohy Dragon codTBepa. 3aTum je, MoIesloBaHU CKyN NOJaTaka MojesbeH
xopuctehu CADEX anropuram y fABa MNOACKyNa 3a HMHTEPHY U €KCTEPHY BaluOaLHjy.
l'eHeTHYKH aaropuTaM 3aCHOBAH Ha BUIIECTPYKO]j JIMHEAPHO] perpecuju ynorpedbeH je ma ce
M3BPLIM M300p KapaKTeepUCTHKa Haj3Ha4yajHUjUX AEeCKpPHNTOpa M pa3Boj mopena. Opabpanu
MoOZeny Koju ykeyuyjy net neckpunropa: nCIR, GGI3, GGI4, JGT n DP14 ynorped/beHH cy 3a
MOHOMepHe KoinoHe, a nR10, EEig01x, L1m, H5v u HATS6v cy yBeneHH 3a MOJUMEPHY KO-
noHy. POByCTHOCT M BasbaHOCT NpefBUhama CyrepucaHuX Mojiella IPOBEPEHE CY U UHTEPHOM
U eKCTEPHOM CTAaTCTUYKOM BalHialXjoM. BUCOK KBaTUTET CTaTUCTUUKUX NTapaMeTapa yKkasyje
Ha CTaDMIHOCT M CIOCODHOCT npefsuhama cyrepucanux mogena. OBa CTyfuja HEMOHCTPHpa
NIOrOJTHOCT yTBpheHUX Mopena 3a npeaBuhame pETEHIMOHUX HMHIEKCa KOJ, TeYHE XpOMaro-
rpacduje ITAY.

(ITpummeno 19. dedpyapa 2019, pesunupano 24. mapta, npuxsaheno 16. anpuna 2020)
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TABLE S-I. Experimental (Exp.), predicted (Pred.) and residual (Res.) values of log I for
PAHs

log I
Name Polymeric Monomeric
Exp. Pred. Res. Exp. Pred. Res.

Naphthalene 2 2.0532  0.0532 2 2.0802 0.0802
Fluorene 2.7 27374 0.0374 275  2.7566 0.0066
Anthracene 3.16 3.132  -0.028 3.11  3.1157 0.0057
Fluoranthene 339 35593 0.1693 343 33816 -0.0484
Aceanthrylene 339 35146 0.1246 339  3.4995 0.1095
pyrene 3.55  3.6231 0.0731 3.63  3.4899 -0.1401
11H-Benzo[a]fluorene 3.81 3.749  -0.061 3.75  3.7988 0.0488
11H-Benzo[b]fluorene 382  3.7031 -0.1169  3.78 3.828  0.048
Cyclopenta[cd]pyrene 394 38861 -0.0539 395 4.0903 0.1403
Benzo[ghi]fluoranthene 395 3.8594 -0.0906 4.07 4.0969 0.0269
Triphenylene 375 3.6021 -0.1479 3.82  3.6972 -0.1228
Benzo[c]phenanthrene 3.69 3.7788  0.0888 3.91 3.7039 -0.2061
Benz[a]anthracene 4 3.995  -0.005 4 3.9853 -0.0147
Chrysene 4.06 41373 0.0773 397 3.9523 -0.0177
Benz[e]aceanthrylene 425 42389 -0.0111 434 45578 0.2178
Benz[l]aceanthrylene 426 42413 -0.0187 438 44269 0.0469
Benz[k]acephenanthrylene 439 43584 -0.0316 4.43 45273 0.0973
Benz[a]aceanthrylene 424 40922 -0.1478 445  4.4899 0.0399
Benzo[j]fluoranthene 426 43209 0.0609 437 44568 0.0868
Benzo[k]fluoranthene 438  4.4403 0.0603 4.5 4.5022  0.0022

* Corresponding author. E-mail: bouarranabil@yahoo.com
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S9

Benzo[e]pyrene

Perylene

Benzo[a]pyrene
13H-Dibenzo[a,g]fluorene
11H-Indeno[2,1-a]phenanthrene
13H-Dibenzo[a,h]fluorene
Indeno[1,2,3-cd]pyrene
Indeno[1,2,3-cd]fluoranthene
Benzo[ghi]perylene
Dibenzo[def,mno]chrysene
Dibenzo[c,g]phenanthrene
Benzo[b]triphenylene
Benzo[g]chrysene
Benzo[c]chrysene
Dibenz[a,j]anthracene
Pentaphene
Benzo[a]naphthacene
Benzo[b]chrysene

Picene
Dibenz[a,e]acephenanthrylene
Dibenzo[j,1]fluoranthene
Naphth[2,3-a]aceanthrylene
Naphth[2,3-eJacephenanthrylene
Naphtho[2,3-j]fluoranthene
Dibenz[e,k]acephenanthrylene
7H-Benzo[c]fluorene
Benz[jlaceanthrylene
Benz[e]acephenanthrylene
Dibenzo[b,g]phenanthrene
Dibenz[a,h]anthracene
Dibenz[a,c]aceanthrylene
Indeno[1,2,3-fg]naphthacene
Benzo[rst]pentaphene
Anthracene, 1-methyl
Phenanthrene, 2-methyl
Phenanthrene, 3-methyl
Phenanthrene, 4-methyl
Phenanthrene, 9-methyl
Fluoranthene, 3-methyl
Pyrene, 1-methyl
Benz[a]anthracene, 1-methyl
Benz[a]anthracene, 2-methyl
Benz[a]anthracene, 4-methyl
Benz[a]anthracene, 6-methyl
Benz[a]anthracene, 8-methyl
Benz[a]anthracene, 10-methyl
Benz[a]anthracene, 12-methyl

4.29
433
451
4.53
491
4.96
4.84
4.93
4.76
5.08
4.07
4.4
4.27
4.45
4.56
4.67
4.99
5
5.18
4.8
4.79
491
5.27
4.98
5.28
3.49
4.26
4.29
4.33
4.73
4.9
5.07
5.74
3.43
3.68
3.34
3.26
3.38
3.86
3.98
4.18
4.14
4.33
4.15
4.21
4.18
4.14

4.2252
4.3808
4.5548
4.5413
4.8396
4.8445
4.7669
4.9587
4.7061
4.9348
4.0412
4.4598
4.3909
4.7367
4.5969
4.8886
5.0465
5.1483
5.1848
4.5894
4.7415
4.7772
5.257
5.1963
5.2857
3.4851
4.3223
4.2918
4.4514
4.9839
4.5897
4.7944
5.4542
3.2975
3.476
3.2989
3.3252
3.3532
3.8745
3.9024
4.1046
4.0963
4.3361
4.0944
4.2051
4.2514
4.2485

-0.0648
0.0508
0.0448
0.0113
-0.0704
-0.1155
-0.0731
0.0287
-0.0539
-0.1452
-0.0288
0.0598
0.1209
0.2867
0.0369
0.2186
0.0565
0.1483
0.0048
-0.2106
-0.0485
-0.1328
-0.013
0.2163
0.0057
-0.0049
0.0623
0.0018
0.1214
0.2539
-0.3103
-0.2756
-0.2858
-0.1325
-0.204
-0.0411
0.0652
-0.0268
0.0145
-0.0776
-0.0754
-0.0437
0.0061
-0.0556
-0.0049
0.0714
0.1085

4.51
4.52
4.68
4.62
4.74
4.77
5.23
5.05
5.36
5.61
4.51
4.73
4.71
4.85
4.84
4.96
4.5

5.02
5.48
5.35
5.51
5.64
5.4
5.59
3.64
4.29
4.44
4.8
4.86
5.5
5.71
5.93
3.57
3.71
3.47
34
3.51
3.91
4.15
4.39
4.43
4.44
4.41
4.4
4.42
4.37

4.4802
4.497
4.6848
4.6876
4.8004
4.8101
5.2265
5.1578
53214
5.6305
42953
47379
4.7247
47213
4.653
4.9748
4.964
4.9949
4.9239
5.2584
5.4208
5.4563
5.5046
5.4736
5.5167
3.6692
4.4481
4.4668
4.6493
4.8862
5.3982
5.628
5.8178
3.5323
3.6171
3.362
3.3892
3.4003
3.9518
3.9512
44171
43685
4.4917
4.4644
4.4258
4.4419
4.5758

-0.0298
-0.023
0.0048
0.0676
0.0604
0.0401

-0.0035
0.1078

-0.0386
0.0205

-0.2147
0.0079
0.0147

-0.1287
-0.187
0.0148

0.464

-0.0051

-0.0961

-0.2216
0.0708

-0.0537

-0.1354
0.0736

-0.0733
0.0292
0.1581
0.0268

-0.1507
0.0262

-0.1018
-0.082

-0.1122

-0.0377

-0.0929
-0.108

-0.0108

-0.1097
0.0418

-0.1988
0.0271

-0.0615
0.0517
0.0544
0.0258
0.0219
0.2058
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Benzo[c]phenanthrene, 3-methyl
Benzo[c]phenanthrene, 5-methyl
Benzo[c]phenanthrene, 6-methyl
Chyrsene, 3-methyl

Chyrsene, 4-methyl

Chyrsene, 6-methyl
Benzo[a]pyrene, 1-methyl
Benzo[a]pyrene, 4-methyl
Benzo[a]pyrene, 5-methyl
Benzo[a]pyrene, 11-methyl
Benzo[a]pyrene, 1,2-dimethyl
Benzo[a]pyrene, 1,3-dimethyl
Benzo[a]pyrene, 1,4-dimethyl
Benzo[a]pyrene, 1,6-dimethyl
Benzo[a]pyrene, 3,12-dimethyl
Perylene, 3-methyl
Naphtho[1,2-k]fluoranthene
Naphtho[2,3-k]fluoranthene
Dibenzo[def,p]chrysene
Benzo[a]perylene
Naphtho[1,2,3,4-def]chrysene
Dibenzo[de,qr|naphthacene
Dibenzo[fg,opnaphthacene
Benzo[b]perylene
Naphtho[2,1,8-qra]naphthacene
Dibenzo[b,def]chrysene
Phenanthro[3,4-c]phenanthrene
Dibenzo[g,p]chrysene
Anthracene, 2-methyl
Anthracene, 9-methyl
Phenanthrene, 1-methyl
Fluoranthene, 1-methyl
Fluoranthene, 7-methyl
Fluoranthene, 8-methyl

Pyrene, 2-methyl

Pyrene, 4-methyl
Benz[a]anthracene, 3-methyl
Benz[a]anthracene, 5-methyl
Benz[a]anthracene, 7-methyl
Benz[a]anthracene, 9-methyl
Benz[a]anthracene, 11-methyl
Benzo[c]phenanthrene, 1-methyl
Benzo[c]phenanthrene, 2-methyl
Benzo[c]phenanthrene, 4-methyl
Chyrsene, 1-methyl

Chyrsene, 2-methyl

4.09 4.0318 -0.0582 441
4.04 4.0741 0.0341 437
4.17 3.8761 -0.2939 437
428 43594 0.0794 441
42 42145 0.0145 436
4.17 42617 0.0917 435
4.83 47796 -0.0504 524
4.84 47412 -0.0988 5.26
4.64 4.6567 0.0167 5.15
4.66 4.6984 0.0384 5.14
521 52264 0.0164 5.73
526 5.0922 -0.1678 5.75
5.08 4.8818 -0.1982 5.77
5.1 49867 -0.1133 5.65
494 49331 -0.0069 5.62
4.69 47255 0.0355 4.57
5 52213 02213 5.34
592 55952 -0.3248 5.79
4.65 47862 0.1362 5.57
493 5209 0279 5.54
497 49702 0.0002 5.56
491 5.143  0.233 5.53
5.04 5.0321 -0.0079 5.52
5.04 48086 -0.2314 5.56
586 5.5916 -0.2684 5.92
6 5.7094 -0.2906 6
421 41858 -0.0242 4.77
445 45961 0.1461 5.53
3.69 3.4408 -0.2492 3.69
341 3.4833 0.0733 3.52
34 34359 0.0359 35
3.73  3.6879 -0.0421 3.87
3.8 3.7781 -0.0219 3.91
3.85 3.8324 -0.0176 3.95
4.04 39772 -0.0628 4.21
398 3.8308 -0.1492 4.13
439 4365 -0.025 4.51
428 42072 -0.0728 4.48
4.17 42448 0.0748 4.36
437 43714 0.0014 4.52
4.17 4.0218 -0.1482 4.36
3.73 3.787  0.057 4.1
394 3.8032 -0.1368 4.29
4.04 4.0541 0.0141 437
439 43954 0.0054 4.46
449 45481 0.0581 4.54

4.357
4.3441
4.2106
4.4067
4.3813
4.3736
5.0683
5.1368
5.1626
5.2735
5.7094

5.512
5.4979
5.4879
5.5425
5.0275
5.3113
5.5242
5.5884
5.6166
5.5666

5.625

5.699
5.5531
5.7437
5.8644
4.8017
5.6454

3.723
3.5974
3.4035
3.9504
3.9149
3.9809
4.3139
4.0205
4.6163
4.4358
4.4645
4.5525
4.2997
4.1087
4.0115
4.2163
4.3979
4.5851

-0.053
-0.0259
-0.1594
-0.0033
0.0213
0.0236
-0.1717
-0.1232
0.0126
0.1335
-0.0206

-0.238
-0.2721
-0.1621
-0.0775
0.4575
-0.0287
-0.2658
0.0184
0.0766
0.0066

0.095

0.179
-0.0069
-0.1763
-0.1356
0.0317
0.1154

0.033
0.0774
-0.0965
0.0804
0.0049
0.0309
0.1039
-0.1095
0.1063
-0.0442
0.1045
0.0325
-0.0603
0.0087
-0.2785
-0.1537
-0.0621
0.0451
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Chyrsene, 5-methyl 4.17 42363 0.0663 436 4.5387 0.1787
Triphenylene, 1-methyl 3.88 3.8721 -0.0079 4.19 4.2392 0.0492
Benzo[a]pyrene, 2-methyl 494 49836 0.0436 533 5.4154 0.0854
Benzo[a]pyrene, 3-methyl 49 48976 -0.0024 525 51346 -0.1154
Benzo[a]pyrene, 6-methyl 473 48103 0.0803 5.11 5.1064 -0.0036
Benzo[a]pyrene, 7-methyl 474 477999 0.0599 5.13  5.1202 -0.0098
Benzo[a]pyrene, 8-methyl 496 49365 -0.0235 533 5.2481 -0.0819
Benzo[a]pyrene, 9-methyl 478 4.8255 0.0455 5.18 5.1402 -0.0398
Benzo[a]pyrene, 10-methyl 473 46615 -0.0685 5.16 5.1126 -0.0474
Benzo[a]pyrene, 12-methyl 4.61 4.6717 0.0617 5.14 5.1044 -0.0356

Benzo[a]pyrene, 2,3-dimethyl 537 53198 -0.0502 5.74 5.7253 -0.0147
Benzo[a]pyrene, 3,6-dimethyl 5.09 5.0559 -0.0341 5.63 5.5467 -0.0833
Benzo[a]pyrene, 3,11-dimethyl 501 49604 -0.0496 5.68 5.7123 0.0323
Benzo[a]pyrene, 4,5-dimethyl 49 49148 0.0148 554 5.5869 0.0469
Benzo[a]pyrene, 7,10-dimethyl 4.82 4.8266 0.0066 5.51 5.53 0.02

Perylene, 1-methyl 428 44591 0.1791 485 4.9304 0.0804
Perylene, 2-methyl 45 45484 0.0484 5.03  5.093 0.063

Phenanthrene 3 3.1353 0.1353 3 2.8838 -0.1162
Acephenanthrene 3.37 3.4751 0.1051 3.38  3.4265 0.0465

TABLE S-II. Training and prediction sets for both columns by using Kennard and Stone
algorithm

ID Name Status | ID Name Status
1 Naphthalene Training |44 Naphtho[2,3-j]fluoranthene  Training
Fluorene Training |45 Dibenz[e,k]acephenan- Training
thrylene
3 Anthracene Training |46 Naphtho[1,2-k]fluoranthene  Training
4 Fluoranthene Training |47 Naphtho[2,3-k]fluoranthene Training
5 Aceanthrylene Training |48 Dibenzo[def,p]chrysene Training
6 pyrene Training |49 Benzo[a]perylene Training
7 11H-Benzo[a]fluorene Training |50 Naphtho[1,2,3,4-def|chry-  Training
sene
8 11H-Benzo[b]fluorene Training |51 Dibenzo[de,qr]naphthacene  Training
9 Cyclopenta[cd]pyrene Training |52 Dibenzo[fg,op]naphthacene Training
10 Benzo[ghi]fluoranthene Training |53 Benzo[b]perylene Training
11 Triphenylene Training |54 Naphtho[2,1,8-qra]naphtha- Training
cene
12 Benzo[c]phenanthrene Training |55 Dibenzo[b,def]chrysene Training
13 Benz[a]anthracene Training |56  Phenanthro[3,4-c]phenan-  Training
threne
14 Chrysene Training |57 Dibenzo[g,p]chrysene Training
15 Benz[e]aceanthrylene Training | 58 Anthracene, 2-methyl Training
16 Benz[l]aceanthrylene Training |59 Anthracene, 9-methyl Training
17 Benz[k]acephenanthrylene Training |60 Phenanthrene, 1-methyl Training
18 Benz[a]aceanthrylene Training | 61 Fluoranthene, 1-methyl Training
19 Benzo[j]fluoranthene Training |62 Fluoranthene, 7-methyl Training
20 Benzo[k]fluoranthene Training | 63 Fluoranthene, 8-methyl Training
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21 Benzo[e]pyrene Training | 64 Pyrene, 2-methyl Training
22 Perylene Training |65 Pyrene, 4-methyl Training
23 Benzo[a]pyrene Training |66 Benz[a]anthracene, 3-methyl Training
24 13H-Dibenzo[a,g]fluorene  Training |67 Benz[a]anthracene, 5-methyl Training
25 11H-Indeno[2,1-a]phenan-  Training |68 Benz[a]anthracene, 7-methyl Training
threne
26 13H-Dibenzo[a,h]fluorene  Training |69 Benz[a]anthracene, 9-methyl Training
27 Indeno[1,2,3-cd]pyrene Training |70 Benz[a]anthracene, Training
11-methyl
28 Indeno[1,2,3-cd]fluoranthene Training |71 Benzo[c]phenanthrene, Training
1-methyl
29 Benzo[ghi]perylene Training |72 Benzo[c]phenanthrene, Training
2-methyl
30 Dibenzo[def,mno]chrysene Training |73 Benzo[c]phenanthrene, Training
4-methyl
31 Dibenzo[c,g]phenanthrene  Training | 74 Chyrsene, 1-methyl Training
32 Benzo[b]triphenylene Training |75 Chyrsene, 2-methyl Training
33 Benzo[g]chrysene Training | 76 Chyrsene, S5-methyl Training
34 Benzo[c]chrysene Training |77 Triphenylene, 1-methyl Training
35 Dibenz[a,j]anthracene Training |78 Benzo[a]pyrene, 2-methyl  Training
36 Pentaphene Training |79 Benzo[a]pyrene, 3-methyl  Training
37 Benzo[a]naphthacene Training |80 Benzo[a]pyrene, 6-methyl  Training
38 Benzo[b]chrysene Training |81 Benzo[a]pyrene, 7-methyl  Training
39 Picene Training |82 Benzo[a]pyrene, 8-methyl  Training
40 Dibenz[a,e]acephenan- Training |83  Benzo[a]pyrene, 9-methyl  Training
thrylene
41 Dibenzo[j,]]fluoranthene ~ Training |84 Benzo[a]pyrene, 10-methyl Training
42 Naphth[2,3-a]aceanthrylene Training |85 Benzo[a]pyrene, 12-methyl  Training
43 Naphth[2,3-e]acephenan-  Training |86 Benzo[a]pyrene, Training
thrylene 2,3-dimethyl
87 Benzo[a]pyrene, Training | 110 Benz[a]anthracene, Prediction
3,6-dimethyl 1-methyl
88 Benzo[a]pyrene, Training | 111 Benz[a]anthracene, Prediction
3,11-dimethyl 2-methyl
89 Benzo[a]pyrene, Training | 112 Benz[a]anthracene, Prediction
4,5-dimethyl 4-methyl
90 Benzo[a]pyrene, Training | 113 Benz[a]anthracene, Prediction
7,10-dimethyl 6-methyl
91 Perylene, 1-methyl Training | 114 Benz[a]anthracene, Prediction
8-methyl
92 Perylene, 2-methyl Training | 115 Benz[a]anthracene, Prediction
10-methyl
93 Phenanthrene Prediction| 116 Benz[a]anthracene, Prediction
12-methyl
94 Acephenanthrene Prediction| 117 Benzo[c]phenanthrene, Prediction
3-methyl
95 7H-Benzo[c]fluorene  Prediction| 118 Benzo[c]phenanthrene, Prediction
5-methyl

Available on line at www.shd.org.rs/JSCS/

(CC) 2021 SCS.



SUPPLEMENTARY MATERIAL S 1 3

96 Benz[jlaceanthrylene  Prediction| 119 Benzo[c]phenanthrene, Prediction
6-methyl

97  Benz[e]acephenanthrylene Prediction| 120  Chyrsene, 3-methyl Prediction
98  Dibenzo[b,g]phenanthrene Prediction| 121  Chyrsene, 4-methyl Prediction
99 Dibenz[a,h]anthracene  Prediction| 122 Chyrsene, 6-methyl Prediction
100 Dibenz[a,e]aceanthrylene Prediction| 123 Benzo[a]pyrene, 1-methyl Prediction

101 Indeno[1,2,3-fglnaph-  Prediction| 124 Benzo[a]pyrene, 4-methyl Prediction
thacene
102 Benzo[rst]pentaphene  Prediction| 125 Benzo[a]pyrene, 5-methyl Prediction

103 Anthracene, 1-methyl ~ Prediction| 126 Benzo[a]pyrene, 11-methyl Prediction

104  Phenanthrene, 2-methyl Prediction| 127 Benzo[a]pyrene, Prediction
1,2-dimethyl

105  Phenanthrene, 3-methyl Prediction| 128 Benzo[a]pyrene, Prediction
1,3-dimethyl

106  Phenanthrene, 4-methyl Prediction| 129 Benzo[a]pyrene, Prediction
1,4-dimethyl

107  Phenanthrene, 9-methyl Prediction| 130 Benzo[a]pyrene, Prediction
1,6-dimethyl

108  Fluoranthene, 3-methyl Prediction| 131 Benzo[a]pyrene, Prediction
3,12-dimethyl

109 Pyrene, 1-methyl Prediction| 132 Perylene, 3-methyl Prediction
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TABLE S-III. Evaluation metrics formulas and their accepted thresholds

Metric Threshold
Next ( A 2
yl - yi )
R =1 ——fl S RZext > 0.7
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o
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CCC= il CCC > 0.85

ext

(yi _;ext )2 +§i(;i _;)2 0, (;ext _;)2
i=1

i=1

In Table S-II1, yj is the predicted value calculated using the regression of the
predicted and experimental data of the prediction set, y, the mean experimental
value in the training set and nex the number of molecules in the validation set,
Vext the mean experimental value in the prediction set, y is the mean predicted
values.
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Headspace gas chromatography—mass spectrometry method for
the determination of total cyanide concentration in water and
post-mortem blood samples

ORHAN DESTANOGLU* and ISMAIL ATES

Council of Forensic Medicine (ATK), Department of Chemistry, 34196 Bahgelievler,
Istanbul, Turkey

(Received 22 April, revised 2 July, accepted 27 September 2020)

Abstract: In this study, we aimed to develop a headspace gas chromatography—
—mass spectrometry method for determining the total cyanide concentration in
the forensic evidences. Total cyanide content of the samples was calculated
based on the hydrogen cyanide gas concentration evaporated from the liquid
sample in the headspace vial. Hexacyanoferrate(Il) was used for the optimiz-
ation of headspace oven temperature. We have found that iron—cyanide bonds
were completely degraded after 0.2 mL of the sample was treated with 1 mL of
1 M sulfuric acid under the optimized headspace conditions where the tempera-
ture and the heating time were 120 °C and 12.5 min, respectively. Satisfactory
recovery results for both aqueous and blood samples were obtained. The
method was linear in the range 0.05-10 pg mL"! of cyanide which was a suit-
able range for toxicological investigations. The proposed method was validated
and applied to the post-mortem blood samples, drinking waters, and the other
forensic evidences. The proposed method can easily be performed not only in
the forensic laboratories, but in the related laboratories where the total cyanide
analysis is a critical issue.

Keywords: analytical toxicology; cyanide poisoning; evidence; forensic chem-
istry.

INTRODUCTION

Cyanides are the potent toxic agent for humans, animals and aquatic life.
Hydrogen cyanide (HCN), which is a weak acid (pK, 9.2), and CN~ can interco-
nvert based on temperature and pH.! HCN is a colorless gas, and it has an
almond-like odor, but half of the population is unable to smell it.1-2 Acute toxic
effect of cyanide mainly stems from inhibiting the final stage of the oxidative

* Corresponding author. E-mail: orhan.destanoglu@istanbul.edu.tr; present address: Istanbul
University-Cerrahpasa, Institute of Forensic Sciences and Legal Medicine, Department of
Science, 34500, Istanbul, Turkey.
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phosphorylation, which is essential for the aerobic cell respiration, by ligating to
the haem group of the cytochrome ¢ oxidase enzyme (EC 1.9.3.1).3 In addition to
cytochrome c oxidase, it disrupts activities of the many metalloenzymes such as
catalase — Fe(Ill) (EC 1.11.1.6), iron—sulfur protein succinate dehydrogenase (EC
1.3.5.1), superoxide dismutase — Cu, — Zn (EC 1.15.1.1), carbonic anhydrase —
Zn (EC 4.2.1.1), alkaline phosphatase — Zn (EC 3.1.3.1), alcohol dehydrogenase
—Zn (EC 1.1.1.1), xanthine oxidase — Mo (EC 1.17.3.2), xanthine dehydrogenase
— Mo (EC 1.17.1.4), aldehyde oxidase — Mo (EC 1.2.3.1), sulfite oxidase — Mo
(EC 1.8.3.1) and glutathione peroxidase — Se (EC 1.11.1.9).34 Moreover, it leads
to the production of cyanohydrins by binding to carbonyl groups in the center of
some enzymes.>

The most poisonous cyanide compounds are the hydrogen cyanide gas, the
water-soluble salts of cyanide (sodium cyanide; potassium cyanide), and the
weak acid dissociable (WAD) cyanide complexes of zinc, nickel, copper and
cadmium. Whether voluntarily (committing suicide) or involuntarily (accident-
ally or fire exposure) ingestion of these cyanide solids or inhalation of HCN most
likely results in death when the concentration of cyanide in the blood reaches
about 4-5 mg L-1.25-7 98 % of the total CN~ concentration in blood is distri-
buted to erythrocytes (also called red blood cells) containing hemoglobin while
the 2 % part of it could be present in the plasma either in the free form or bound
to methemoglobin protein, the ferric form of hemoglobin.2:8 It was reported that
about 100 mg of HCN or 300 mg of KCN intake are the lethal doses for the
humans.2

In nature, the primary source of CN~ comes from anthropogenic activities
such as synthetic fibers, resins, herbicides, electroplating, mining, metal finish-
ing, steel, petroleum and chemical industries, and gold extraction processes.
Cyanide intoxication from HCN inhalation commonly arises from tobacco smokes
and pyrolysis of nitrogen-containing polymers such as melamine, nylon, polyure-
thanes, polyamides, wool and silk. On the other hand, cyanide compounds are
found in almonds, millet sprouts, lima beans, soy, spinach, bamboo shoots, sorg-
hum and cassava roots. Due to its military use, authorities also identify HCN as a
chemical terrorist agent.1:49:10 In post-mortem blood samples, cyanide concen-
tration can reach to 20 mg L1 in the suicide cases or industrial exposure while it
exceeds 1 mg L-! in fire victims.2 Although the concentration of cyanide seems
to be low, the reason why the fire victims die is carbon monoxide and cyanide
exhibiting synergistic effects.

The toxicity of cyanide species differs depending on whether free cyanide or
HCN is easily formed or not in the physiological conditions. Therefore, simple
cyanide salts and WAD cyanide complexes are the most hazardous compounds,
whereas strong acid dissociable (SAD) cyanide complexes like hexacyanofer-
rate(ILIII) are the less toxic species. To degrade the metal-cyanide bonds of the
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SAD complexes, a process needs more heavier conditions such as UV radiation,
higher temperatures, and strong acids.>>7-11

Many methods have been developed for the determination of the cyanide
species in different types of samples including ion chromatography (IC),%7 capil-
lary electrophoresis (CE),!2:13 headspace gas chromatography (HS-GC),14 GC—
—mass spectrometry (MS),15-18 electrochemicalsensors,8:19-21 headspace (HS)-
-single-drop microextraction (SDME)-NanoDrop® microspectrophotometry
(ND),!! HS-GC-atomic emission detector (AED),22 HS-GC-electron capture
detector (ECD),23 HS-GC-ECD/photoionization detection (PID),24 HS-GC-
-nitrogen—phosphorus detector (HS-GC-NPD),25-30 HS-solid-phase microextract-
ion (HS-SPME)-NPD,3! HS-SPME-CE,32 HS-GC-MS%15.33.34 and HS-SPME-
-GC-MS.35

Cyanide poisoning, which is an important issue in forensic sciences, is often
caused by exposure to cyanide-containing compounds in committing suicide,
homicide attempt, and accidental digestion cases. According to the Official
Gazette of the Republic of Turkey, cyanide sales to the public have been banned
because the number of cases of cyanide suicides increased in the past years.3¢
The available cyanides (free and WAD species) rapidly act in the body, whereas
the SAD species could not lead to death. Therefore, death does not occur in some
cases where people who do not have any idea about toxic effect of the SAD
species intentionally use these cyanides. Accordingly, even if someone else does
not die, the suspect may be punished for attempting homicide.

Thus, a reliable method for the determination of total cyanide concentration
in postmortem blood samples, environmental samples, and any evidence have
vital importance, especially for forensic science. In this paper, as can be seen, we
aimed to present an HS-GC-MS method for the total cyanide analysis in both
postmortem blood samples and aqueous solutions. We carried out the method
optimizations by using hexacyanoferrate(I) ([Fe(CN)g]*) as SAD complex, and
the temperature values were checked by calculating recovery values instead of
optimizing HS conditions only by vapor pressure equilibrium.%-33:34 Though the
proposed method is highly accurate, it does not give any information relating to
the cyanide species. Consequently, because the proposed method is fast (no deri-
vatization) and reliable, it is very suitable for the related laboratories.

EXPERIMENTAL
Reagents

1000 mg L' of certified cyanide standard solution (CL01.0371.0100) was purchased
from Chem-Lab (Zedelgem, Belgium). Aqueous certified reference material (CRM) of cyan-
ide (lot: LRAA3393) was obtained from Sigma—Aldrich. Potassium hexacyanoferrate(Il)
trihydrate (K4[Fe(CN)g]-3H,0, 99.5 %) was procured from Carlo Erba Reagents (Val de Reuil
Cedex, France). Sulfuric acid (95-97 %) for analysis Emsure® ISO was supplied by Merck.

Available on line at www.shd.org.rs/JSCS/

(CC) 2021 SCS.



80 DESTANOGLU and ATES

Ultrapure water was acquired from a New Human Power I Scholar UV system (Human Cor-
poration, Seoul, South Korea).

Instrumentation

We carried out the analysis of cyanide by utilizing a Perkin Elmer Clarus 680 gas chro-
matograph equipped with a Clarus SQ 8 T mass spectrometer and HS40 headspace (HS)
autosampler. A Perkin Elmer Elite — free fatty acid phase (FFAP) GC column providing
appropriate separation of acidic compounds with a crossbond carbowax-PEG structure was
used. Dimensions of the column were 30 m long, 0.25 mm i.d. and 0.5 pm df. The constant
flow rate of the carrier gas (He) was adjusted at 1 mL min-! with an HS pressure of 30 psi.

HCN gas liberated from all of the possible cyanide species by keeping the vials in the HS
oven set at 120 °C for 13 min. The HS needle temperature and the transfer line temperatures
were 130 and 150 °C, respectively. The authors used a stainless-steel needle jet to achieve
minimum carryover from the adsorption of cyanide on the needle surface.33 After the incub-
ation time finished, pressure was the applied to the vial by the needle for 1.0 min, and then the
gas sample was injected for 0.1 min (loopless). HCN was successfully separated from the
other peaks on the column by the optimized GC oven temperature program which was set ini-
tially 40 °C for 7 min, then ramped at 25 °C min’! to 220 °C, and finally, held at 220 °C for 2
min. The equilibration time of the GC oven was 30 s. GC injector temperature was 200 °C,
total analysis time was 16.20 min.

Electron energy was 70 eV of the EI+ source. Mass detection was performed at 200 °C.
The authors utilized a TurboMass (version 6.1.0.1963) software for data acquisition and ins-
trumental control for GC and MS, while the headspace autosampler was controlled by com-
puter using PerkinElmer HS Driver v2.5.0.0125 software. The software simultaneously col-
lected the data by both the full scan between 12—150 atomic mass units (amu) for identificat-
ion of the peaks during 5-8 min and the selected-ion recording (SIR) of m/z 27 (\H!2CI4N+)
for quantitative analysis at a dwell time of 40 ms between 5-7.5 min. Solvent delay was set for
the first 5 min. We measured the concentration of HCN in the samples using a standard calib-
ration curve prepared by plotting the peak area against the designated concentrations (0.05-10
pg mL™).

Preparation of the [Fe(CN)4]* solutions

To prepare the stock solution of [Fe(CN)4]* in which the CN- equivalent concentration
was 100 mg L1, 27.1 mg of K4[Fe(CN),]-3H,0 was dissolved in a 100 mL volumetric flask.
Then, we diluted this solution to obtain an aqueous [Fe(CN)g]* solution to be equivalent to
5mg L! of CN". Similarly, we spiked the blood samples from the blood stocks with same
concentration of [Fe(CN)4]*".

Samples and sample preparation

The post-mortem blood samples were sent to our laboratory after the autopsies conducted
at the Council of Forensic Medicine (ATK). We carried out this study by the permission of
ATK Chairmanship, Education and Scientific Research Commission (decision number:
2018/737; date: September 18, 2018). The informed consent was waived. We pledged to
comply with all ethical rules during the application. The authors confirm that this research
was conducted according to the principles expressed in the Declaration of Helsinki.

The authors prepared the standard solutions and the samples as follows: we added 0.2
mL of the sample solution into 22 mL headspace vial, which was in a tube holder placed on an
icebox with an appropriate size. Then, 1 mL of 1 M H,SO,4 was added above the cold sample.
After we instantly sealed the vial with a gas-tight polytetrafluoroethylene (PTFE)-lined rubber

Available on line at www.shd.org.rs/JSCS/

(CC) 2021 SCS.



HS-GC-MS METHOD FOR CYANIDE ANALYSIS 8 1

septum cap, it was vortexed for 1 min. Finally, we loaded the vials to the HS autosampler for
analyzing.

RESULTS AND DISCUSSION
Optimization of the HS temperature

In the first experiments, we calculated the recoveries from the aqueous iron
cyanide complex solutions. By this means, we prepared a series of solutions with
the same concentration: 200 uL of the [Fe(CN)g]*~ of which CN~ concentration
was equivalent to 5 mg L~! and 200 uL 1 M H,SOj4 solutions were added into a
cold 22 mL headspace vial, respectively. After immediate sealing, each vial was
vortexed. The solutions were analyzed after 20 min of incubation at 80, 90, 100,
110, 120 and 130 °C. Three of the solutions containing the complex and three
standard solutions of 5 mg L-1 CN~ were analyzed in parallel for each tempera-
ture point. The recoveries of the parallel measurements were calculated. CN~
have been measured until a plateau was observed. As seen in Fig. 1, 120 °C was
found to be the adequate temperature with 102 % recovery to completely degrade
the Fe—CN bonds. Therefore, all subsequent experiments were carried out at 120
°C. It is noteworthy that the available cyanide species could be measured with
good recoveries at the lower temperatures, but this does not allow accurate ana-
lyzing of the SAD species in the complex matrices possessing transition metals.
Furthermore, approximately 10 % recovery values were obtained when the tem-
peratures were exerted between 80-90 °C while 50 % recovery was calculated at
100 °C. These recovery values indicated not only that merely controlling the
vapor pressure equilibrium was unsufficient, but they could contribute to finding
positive cyanide concentrations when the available cyanides were analyzed in
complex matrices as well. Therefore, it should be taken into account not to be
given misleading results for both SAD and WAD cyanide species.

100 . b
*
80
= 604
e
5 *
& 40
20
A4 e . .
o Fig. 1. Effect of HS oven temperature time
80 90 w00 110 10 13 on the recovery of 5 mg L' CN from
Temperature, °C [Fe(CN)g]* complex in aqueous solution.

Available on line at www.shd.org.rs/JSCS/

(CC) 2021 SCS.



82 DESTANOGLU and ATES

To calculate the recovery from the blank blood samples, three different HS
vials containing 200 pL of the blood sample spiked with [Fe(CN)g]*~ to obtain
5mg L~! of CN~and 200 pL of 1 M H,SO4 were prepared, and also three differ-
ent standard solutions with 5 mg L-! of CN~ (vide supra). Recovery was
71.5£1.5 %. The low recovery value resulted from the vapor pressure difference
between the standard solution and the sample solution. Hereafter, we decided to
increase the volume of the acid. In the next study, 200 uL. of the blood sample
similarly spiked with [Fe(CN)g]* and 1.0 mL of 1 M H,SO4 were mixed. The
recovery rose to 96.0+2.9 %. Besides, we have found the recovery value to be
100.6+1.7 %.

Optimization of the HS heating time

To optimize the heating time of the HS oven, we analyzed the solutions con-
taining 200 pL of same aqueous [Fe(CN)g]* solution and 1.0 mL of 1 M H,SO4
after keeping in the HS oven throughout 1, 2.5, 5, 7.5, 10, 12.5, 15, 17.5 and 20
min. As can be seen from Fig. 2, the peak areas reached a plateau after 12.5 min.
Hence, we optimized the heating time to 13 min of the HS oven.

6000 | . . - "
5000
5 4000 -

g 30004 .

5) 2000

10004 - Fig. 2. Effect of heating time of the HS oven

on HCN peak area. Aqueous solutions con-

oqm " taining 200 puL of [Fe(CN)¢]* (equivalent to

oy o e e & 5mg Llof CNY) and 1 mL of 1 M H,SO,

Time, min were injected.

Optimization of the H,SO, concentration

We put 1 mL of HySO4 solutions with increasing concentrations from 0.1 to
5.0 M in the HS vials containing 200 uL of aqueous [Fe(CN)¢]*~ which was
equivalent to 5 mg L~! of CN~. We determined the optimal HSO4 concentration
to be 1.0 M (see Fig. 3).

Method performance characteristics

The authors investigated the method validation parameters, which were
sensitivity, linearity, selectivity, accuracy and precision.

Linearity and sensitivity. Table I summarizes the linear range, retention time,
regression equation, the limit of detection (LOD), and limit of quantification
(LOQ) values. We calculated LOD and LOQ concentrations as 3xstandard devi-
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ations (SD) and 10SD of the very low concentration (signal-to-noise ratio: 3) of
cyanide, respectively, obeying the Eurachem Guide.37

8500 Lo

8000 -| n
7500 -|
7000 |
6500 |
6000 -|
5500 -| u
5000 |
4500

Peak area, a.u.

Fig. 3.++ Effect of H,SO, concentration on

4000 ] HCN peak area. 1 mL of 0.1, 0.5, 1.0, 2.5 and

3500 5.0 M H,SO4 were added onto the HS vial con-

e T ) T T T taining aqueous [Fe(CN)g]* which was equiva-
Acid concentration, M lentto 5 mg L_1 of CN- SOlutiOIlS, respectively.

TABLE I. The linearity, retention time, LOD and LOQ parameters of the proposed method

Linear calibration Regression Regression Retention LOD  LOQ
Analyte R : . : ; -1 -1
range, ug mL equation coefficient time, min ng mL™~" ng mL
Cyanide 0.05-10 y=3917.6x—-55.4 0.9996 6.20 27 41

Linear range (0.05-10 pg mL-!) was useful for the routine toxicological
analyses. The calibration curves were prepared monthly. We allowed every
sequence to start as long as we find QC (total cyanide 0.76 pg mL-1)
measurements in the acceptable range. We reconstructed the calibration without
waiting for monthly repetition if QC controlling did not pass somehow. Also,
after each blood sample run, a blank measurement was conducted owing to the
observation of carry-over. We encountered no carry-over problem at all since we
employed the stainless steel needle jet, and adjusted (loopless) injection time to
above 0.05 min. Even though increasing injection time gave rise to both elevated
sensitivity and decreased carry-over it caused expansion, of the width of the
HCN peak, above 0.12 minutes. Thereby, we optimized 0.1 minute for the
injection time. On the other hand, sensitivity of the method could be enhanced
either by adding NaySO4 leading to salt-out effect or by increasing sample
volume. Yet, we did not need more sensitivity.

Selectivity. The Elite-FFAP was a suitable column for the separation of polar
substances. No interference on the HCN peak (m/z 27) has been observed in the
samples at optimized conditions, even it contained many volatile compounds. As
the filament switched off before 5th min and after the 8th min of the analysis, data
were collected between 5th to 8th min. Therefore, acetaldehyde, diethyl ether,
acetone, ethyl acetate, methanol, 2-propanol, ethanol and benzene eluted before
5th min and 1-butanol, 3-methyl-1-butanol, o-,m-,p-xylenes, acetic acid and
formic acid eluted after 8th min were not detected. Only chloroform, toluene and
1-propanol with the retention times of 5.86, 6.50 and 6.62 min, respectively, were
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observed between 5% and 8th min. Some of these compounds, especially alco-
hols, could be formed endogenously in the postmortem blood samples while the
source of the other compounds might be huffing glue or paint thinners (by abu-
sers) due to their psychoactive effects. To check out the interference effect, a
solution containing 0.5 ugmL~! of CN- and 100 ugmL-! of the other
compunds, described above, was prepared. No HCN peak was observed between
chloroform and toluene peaks on the total ion current (TIC) chromatogram (see
Fig. 4c) while HCN was successfully separated on the SIR chromatogram (m/z
27) as seen in Fig. 4a with 103.3 % of recovery value. In other words, cyanide
could be determined by the proposed method, even if a sample had high
concentrations of chloroform and toluene.

17500 (C)
14000
10500 -

7000

114

76

38| WW NMM W

or 2
74
SE Fig. 4. Overlaid chromatograms of: a) SIR (m/z

4l 27), b) m/z 27 ion in the full scan and c) TIC
5 s (12-150 amu); 1: chloroform, 2: HCN, 3: tolu-
Time, min ene, 4: 1-propanol.

Abundance, a.u.

It can be assumed that CN~ is formed as a result of the conversion of SCN~
at low levels in the blood. Though the addition of ascorbic acid inhibits this
conversion, we did not use it because this conversion at the trace level is negli-
gible for toxicological analysis.33 Eventually, it was clear that the proposed
method was quite selective for cyanide present in many sample matrices.

Trueness. The authors calculated the bias (b) of the method by using the
reference material. The significance test (¢-test) exerted to certified reference
material (CRM) and recovery values obtained from two spike levels applied to a
positive post-mortem blood sample with 6.40 ng mL-! of mean concentration of
CN~. As seen in Table II, after the post-mortem blood sample was spiked with
cyanide at 3.00 and 6.00 pg mL-!, the average recovery values were found to be
101.1 and 94.5 %, respectively. Eq. (1) was employed for calculation of rec-
overy, %, as:
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Cf - Cm

Recovery =100 ()

a

where Cr is the total found concentration value of the spiked blood sample; Cy, is
the mean concentration of the unspiked sample; C, is the added concentration
value of standard cyanide in the blood sample. We could not perform more than
three times for the number of analyses of the positive post-mortem blood sample
and its spiked solutions since the sample volume was limited. According to the
results exhibited in Table II, calculated t values were well below the critical
t-values. It indicated that there was no difference between our results and the ref-
erence concentrations at the 95 % confidence level.

TABLE II. Results of the accuracy experiments. For CRM, t-values were calculated by using
certificate value and our results while recoveries were used for calculating #-values of spiked
blood sample

Sample Number Measured RSD CRM results Spike results of blood #-Test results
of ana- meancon- %  Certified Bias Bias Added Found Rec- ¢Value ¢

lyses  centration concentration % pgmL' pgmL’ overy calcul- Value

of cyanide of cyanide % ated refer-

+SD pg mL™! ence

ug mL!

CRM 10 0.760+ 5.19 0.757  0.003 0.40 - - - 024 2.26

0.039
Blood 3 640+ 4.22 — — — 3.00 943 101.1 03 43

0.27

6.00 1227 945 2.0

Precision. To investigate the precision of the developed method, the res-
earchers carried out inter-day (three daysxsix replicates) and intra-day (one-
-dayxsix replicates) repeatability studies for the concentration and g by using
CRM. Table III presents the repeatability results expressed as RSD. RSD values
found <11 both in the trueness and in the precision studies were acceptable
according to the AOAC guideline.3® Consequently, the proposed method was
successfully validated.

TABLE III. Inter-day and intra-day precision values of the concentration and retention time
parameters. CRM solution of cyanide was analyzed six times in one day and three different
days with six replicates for intra-day and inter-day repeatability studies, respectively

Examination Parameter RSD /%

Intra-day study Concentration 3.66
Retention time 0.14

Inter-day study Concentration 593
Retention time 0.21
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Analysis of the real samples

The specialists should transfer the postmortem blood samples of the cyanide
poisoning cases into the grey-colored tubes containing fluoride and EDTA during
the autopsy. Then, they should quickly deliver the blood samples to toxicology
laboratories for analysis. Bacteria and fungi might increase or decrease the cyan-
ide concentration in the body or the other samples. Fluoride can inhibit post-mor-
tem bacterial enzymatic reactions. Although fluoride and EDTA help to keep
cyanide concentration stable, one should conduct the analysis as soon as possible
to prevent the loss of analyte. In this study, we applied the proposed method to
the real samples, and we found that total cyanide concentrations were in the
range of 3.67-24 ug mL! and 0.66-2.40 ug mL-! in the post-mortem blood
samples of victims who ingested cyanide salts or were exposed to the smoke of
the fire, respectively (see Table IV). In general, after the cyanide concentration
was about 1-2 pg mL-! in a blood sample with no case story, the stomach con-
tent was qualitatively analyzed for the presence of cyanide. If the result was
negative, the reason for death most probably was that the victim has been exp-
osed to carbonmonoxide also. Here, cyanide and carbonmonoxide, which are the
two strong field ligands, could synergistically result in the death of the fire vic-
tims. The affinity of carbon monoxide for haemoglobin is 200-300 times higher
than that of oxygen. Therapeutic and toxic concentration of carboxyhaemoglobin
(COHDb) are 1-5 % and > 20 %, respectively. Elevated COHb causes nausea,
headache, gastrointestinal upset, hypertension, hyperventilation and drowsiness
to coma. When the concentration of COHb reaches to 40-50 %, reddish colour
on skin and cyanosis can occur. We observed when cyanide was not detected, the
concentration of COHb was found up to 80-90 % in the post-mortem blood
samples. However, its concentration range was between 2545 % when the con-
centration of cyanide was determined at 1-2 pg mL-1.

TABLE IV. Distribition of cyanide concentration in the post-mortem blood samples by cyan-
ide intake and fire cases

Case Number of Concentration of cyanide, pg mL!

cases Range Mean Median
Cyanide intake 13 3.7-24.0 9.1 6.4
Fire 9 0.7-2.4 1.4 1.3

People who commit suicide at home sometimes leave a note in front of the
door or on walls so that nobody could be harmed from the HCN gas. 6.40 ug mL!
of cyanide was measured in the blood of a person found dead in an industrial
zone. On the other hand, ten commercial drinking water samples, purchased from
Istanbul markets, were analyzed and cyanide was not detected in the samples.
The chromatograms, of the blood sample with 6.40 ug mL ! of cyanide and a
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drinking water sample, are given in Fig. 5. To sum up, the validated method was
successfully applied to the real samples.
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Fig. 5. Overlaid chromatograms (SIR acquisition m/z 27) of: a) blood sample with
6.40 pg mL'! of cyanide and b) drinking water sample (cyanide was not detected).

A male, falling deeper into debt, have decided to commit suicide by intaking
a cyanide compound. He drank the solution containing a cyanide compound from
a small bottle, after parking his car. The statement told that after a while, he was
nauseated and then his health got worse, but he survived and called the
emergency. The crime scene investigation team took a swab sample from the
bottle and sent it to our laboratory. We mixed the yellowish tip of the swab with
5 mL of 0.1 M NaOH. After analysis, we found 11 mg swab ! cyanide in the
sample. We decided to carry out an experiment by ICP-MS for analysis of iron
in the extracted solution. About six to one of molar ratio was determined as exp-
ected. We found out that the reason for his survival was that he drank a solution
containing iron cyanide complex, which was most likely purchased as a cyanide-
-containing pesticide.

In addition to the analysis of the forensic evidences, the proposed method
could be performed for the determination of total cyanide content in the environ-
mental samples and in the industrial wastewaters. It is crucial that HCN may be
released to the air from the industrial wastewater when acidic wastes are mixed
with cyanide-containing wastes or when the wastewaters are directly exposed to
the sunlight during the treatment processes. Thus, the related laboratories may
easily adapt our method to control total cyanide concentration in the wastewaters.

CONCLUSION

In this work, a reliable HS-GC-MS method was developed for the determin-
ation of total cyanide in the forensic evidences such as postmortem blood

Available on line at www.shd.org.rs/JSCS/

(CC) 2021 SCS.



88 DESTANOGLU and ATES

samples and aqueous samples. We attained very good recovery values from the
whole blood sample, even [Fe(CN)g]* was used as a SAD complex, so we suc-
cessfully validated the method. The proposed method has many advantages: the
sample preparation procedure is simple, it does not require any derivatization
step or clean-up procedure, and it is adequately rapid, sensitive, and selective for
the routine toxicological investigations.
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Chairmanship, Turkey, for permitting, supporting and encouraging us to conduct this research.

U3BOJ
METOIA ,HEADSPACE" TACHE XPOMATOTPA®UJE-MACEHE CIIEKTPOMETPHIJE 3A
OJOPEBUBAILE YKYITHE KOHUEHTPALIIMJE UUJAHUIA Y BOOU U POST-MORTEM
Y30PLIUMA KPBH

ORHAN DESTANOGLU u ISMAIL ATES
Council of Forensic Medicine (ATK), Department of Chemistry, 34196Bahgelievier, Istanbul, Turkey

Y 0BOj CTyImuju UManu CMO 3a LD Jja pa3BHjeMo MeTony headspace racHe XpomaTorpa-
¢uje—MaceHe clleKTpOMeTpHje 3a oppehuBawme YKylnHe KOHLEHTpauuje LujaHuzaa y dopeH-
3WYKHMM AOKa3uMa. YKyIHHM Cafprkaj UMjaHHuOa y Y30pLHMa U3padyyHarT je Ha OCHOBY KOHLIEH-
Tpaluje U1jaHOBOJOHMKA MCIIapEHOT U3 TEYHOT y30pKa Yy BHjanu. TOKOM ONTHMHU3ALHUjE TEM-
neparype nehu xopuurhen je xexcauujanodepar(Il). YTepheno je ga ce Bese reoxhe-uujaHun
y MOTIYHOCTH pa3naxy HakoH 1mTo je 0,2 mL y3opka Tpetupano ca 1 mL 1 M cymnopHe kuce-
nuHe, npu TemnepartypH og 120 °C v BpeMeHy 3arpeBama of 12,5 min. Jlobujanu cy 3af0Bo-
7paBajyhu pesysiTaTy IpoLieHTa IPUHOca (recovery) U U3 BOJEHUX M y30paka KpBU. Mertona je
ouna nuHeapHa y pacmory 0,05-10 pg mL™! numjanuma, mwTo je 6um0 TOTOJHO 3a TOKCHKO-
JIOIIKA UCMUTHBAmKA. [IpefnokeHu MeToq je BaUIUpaH W NPUMEHheH Ha Yy30pKe KPBH IOCie
CMPpTH, Bojie 3a nuhe U ocTane dopeHsuuke nokase. [IpeanoxeHa MeTosa ce MOXe NMpHUMe-
HUTH He caMo y OpeH3HuuKuM, Beh U y opyrum naboparoprjaMa y KOjuMa je ce aHalIu3upajy
Y30pUHU Ha cafpiKaj UHhjaHuza.

(ITpumsbeHo 22. anpuiia, peBUOUPAHO 2. jyna, mpuxsaheno 27. cenrembpa 2020)
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Solid-liquid phase equilibria of H,O-Mn(H,PO,),~MnCl,-NaCl,
H,0-Mn(H,P0,),-MnCl, and (H,O-NaCl-MnCl, systems
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Abstract: The solid-liquid phase equilibria (SLE) and densities of H,O—-NaCl-
—MnCl,-Mn(H,PO,), quaternary system and H,O-NaCl-MnCl, and H,O-
—MnCl,-Mn(H,P0O,), ternary systems were investigated at 323.15 K by the
isothermal solution saturation method. The analyses of the liquid and solid
phases were used to determine the composition of the solid phase using the
Schreinemakers graphic method. The ternary systems contain one invariant
point, two invariant curves and two crystallization regions. In the quaternary
system, there is one invariant point, three invariant curves and three crystalliz-
ation areas corresponding to NaCl, MnCl,-4H,O and Mn(H,PO,),-H,0. The
crystallization area of Mn(H,PO,),-H,0, being the largest in comparison with
those of other salts, occupied 80.75 % of the total crystallization area.

Keywords: manganese hypophosphite; manganese chloride; ternary system;
Schreinmakers method; density.

INTRODUCTION

Apart from being environmentally friendly, the metal hypophosphite salts
M(H,PO3),, draw great attention, due to their high thermal and chemical stabil-
ities, good reducing, and mechanical features.! These salts are used as reductive,
antioxidant, anticorrosive, animal feed, flame retardant in polymer, medicine,
metal and food industry.1-7

Mn(H7PO5); is used as a chemical intermediate in pharmacy and polymer
technology, and to increase fiber quality in nylon carpet fiber production.®5 In a
study, Yang et al. has determined that Mn(H,PO,); has high flame-retardant
effect.2

In laboratory synthesis the hypophosphites are generally synthesized from
sulphate, hydroxide, oxide, and nitrates of metals. The synthesis of hypophos-
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phites obtained from hydroxides of insoluble elements in the water is generally
synthesized both via multi-step reactions and expensively.*8-15

Phase equilibriums are widely used as a method in the study of equilibrium
relationships. In the salt industry, they are used to increase production efficiency,
and also for the recovery of valuable chemicals. Besides, they are used in the
recycling and disposal of harmful wastes in terms of environmental pollution. In
addition to all of these, they are used in economic synthesis by obtaining chem-
icals that can be synthesized by multi-step reactions in fewer reaction steps in a
laboratory.16,17

In this study, HyO-Mn(H;PO5),—MnCl,—NaCl, HyO-Mn(H,PO;)>,—MnCl,
and HyO-NaCl-MnCl; systems were analyzed, and an economic method was
proposed for the separation process of Mn(H>PO5); salt used in the industrial field.

SLE data of salts including HoPO,~ were given in Table 1.8-15,18-22

TABLE I. SLE ternary and quaternary systems including H,PO,"

Researchers Systems

Alisoglu and Necefoglu® Na®, Mn?"//NO5", (H,PO,)—H,0 at 273.15 K
Alisoglu!! K*, Mn2*//Br, (H,PO,)—H,0 at 298.15 K
Alisoglu® Na®, Mn?"//CI", (H,PO,)—H,0 at 298.15 K
Alisoglu!® Na‘t, Mn?"//Br-, (H,PO,)—H,0 at 298.15 K
Alisoglu and Adiguzel!2 K", Mn2*/Br, (H,PO,)//H,0 at 298.15 K
Erge et al.13 Na™, Ba?"//(H,PO,)—H,0 at 273.15 K

Na*//Cl-, (H,PO,)—H,0 at 273.15 K
BaZ//Cl-, (H,PO,)—H,0 at 273.15 K
Na™, BaZ"//Cl-, (H,PO,)—H,0 at 273.15 K
Adiguzel et al. 4 Nat, Zn?"//(H,PO,)—H,0 at 273.15 K
Zn%//CI, (H,PO,)—H,0 at 273.15 K
Na®, Zn*//CI, (H,PO,)—H,0 at 273.15 K
Demirci et al. '3 NaH,P0O,—NaCl-H,0 at 298.15 K
NaH2P02_Zn(H2P02)2_H20 at 298.15 K
NaCl_Zn(H2P02)2_H20 at 298.15 K
N3H2P027Naclfzn(Hzl)OZ)z*HzO at 298.15 K

Tan et al.'8 Ca(H,PO,), — CaCl, — H,0 at 298.15 K
Ca(H,PO,),~NaH,P0O,~H,0 at 298.15 K
Cao et 01.22 Ca(H2P02)2 + CaC12 + Hzo at323.15K
Ca(H2P02)2 + NaH2P02 + HzO at 323.15K
Gao et Cll.zo Mg(H2P02)2 + NaH2P02 + H20 at 298 K
Mg(HZPOZ)Z +MgC12 + Hzo at 298 K
Yin et al.!® Ca(H,PO,), + CaCl, + H,0
Ca(H,PO,), + NaH,PO, + H,0
Shi et al.2! Mg(H,PO,), + NaH,PO, + H,0
Mg(H2P02)2 + MgC12 + HzO
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EXPERIMENTAL
Apparatus and reagents

The commercial chemicals used in the study were given in Table II. The solution con-
dition was provided with the use of pure water whose pH was 6.6 and conductivity was <10
Sml.

TABLE II. Source and mass fraction concentration of the used chemicals

Chemical CAS No Source Mass fraction?
NaCl 7647-14-5 Merck 0.999
MnCl,-4H,0O 13446-34-9 Merck 0.999
Mn(H,PO,),-H,O 7783-16-6 Sigma-Aldrich >0.985
CuCl,-2H,0 10125-13-0 Sigma-Aldrich 0.999
CoH4N,Na,Oq 6381-92-6 Riedel-de Haen 0.98

HC1 7647-01-0 Riedel-de Haen 0.37
K,Cr,0, 7778-50-9 Merck 0.98
K,CrOy4 7789-00-6 Merck 0.98

*Mass fraction values were measured by the supplier of the chemicals

The density analyses were detected with the device of Mettler Toledo 30PX (accuracy
+0.001 g cm™).

The titration measurements were conducted with Hirscmann Solarus automatic burette
(accuracy 0.2 %). The stable experimental temperature was provided with a Polyscience
branded cooler and a mixer water bath (accuracy = 0.05 K).

Experimental methods

The phase equilibria were determined according to isothermal solubility saturation
method. !2:15

All the experiments were carried out at atmospheric pressure (0.1025 MPa).

The general procedure of the experiment is as below:

1) In the ternary system, the binary system saturated solution was prepared in a water-
proof isolated tube, and placed in a water bath stabilized at 323.15 K.

2) The second salt was added at a certain amount to this solution. The solution was stir-
red for one day.

3) The solution was kept until the phase separation was observed clearly.

4) Later on, the samples were obtained from solid and liquid phases, and the necessary
analyses were done.

5) The first forth steps of the procedure were repeated until the invariant point was
reached.

6) In quaternary systems, the process was completed with the invariant point solution
of the ternary system in the first step. In the second step, the third salt was added, and the
whole process was performed, respectively.

All the density measurements were taken using a density measurement device which was
stabilized at 323.15 K. The measurements were carried out in triplicate, and the calibration of
the device was controlled by using pure water.

The solid phase compositions were detected according to the wet residue method of
Schreinmakers. !13:23
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All the tests were repeated three times for the reliability of the test results, and the results
were expressed as + standard deviation value.

All the tables and graphics were formed after the mathematical calculations necessary for
all the data were conducted, and results were interpreted.

Analytical methods

ClI'(aq), H,PO, (aq) and Mn?*(aq) analyses were respectively determined by the titration
with standard solutions of AgNO3, K,Cr,0; and EDTA.2425 The expanded uncertainties (u;)
for Mn2*, CI” and H,PO, ™ analyses were respectively 1.32, 2.99 and 1.92 mass % (at the level
of confidence of 0.95). Na* amounts were calculated according to the total ion balance.

RESULTS AND DISCUSSION
Solubility data of H,O—MnCl,—NaCl ternary system at 323.15 K

The solubility and the density values of NaCl-H,O and MnCl,—H»O binary
systems were respectively detected as 26.86 mass % NaCl and 49.54 mass %
MnCly, 1.191 g cm™3, and 1.568 g cm=3 at 323.15 K. The solid phases belonging
to these compositions were found to be NaCl and MnCl,-4H50, and NaCl and
MnCly. The HO compositions and the density in the invariant point of the HoO—
—MnCly—NaCl system at 323.15 K were respectively 3.14, 47.48 and 49.38 mass
%, and 1.583 g cm™3. The solid phase of the invariant point consisted of NaCl
and MnCl,-4H,O salts.

The solubility and density data belonging to this system are given in Table
III and Figs. 1 and 2.

TABLE 1II. SLE data for the HyO-MnCl,—NaCl ternary system at 323.15 K; standard
uncertainties (u) are u(p) = 0.001 g cm?, u(T) = 0.05 K, u(P) = 5 % and u(w) = 0.01w, w is
the mass fraction; N = NaCl; M = MnCl,-4H,0

Content, mass % 100 w of salts
No. Liquid phase Solid phase in the liquid phase P/ gcm™  Solid phase
MnCl, NaCl MnCl, NaCl MnCl, NaCl

1A 0.00 26.86 0.00 93.44 0.00 100 1.191 N
2 6.21 20.65 1.64 81.01 12.24 87.76 1.225 N
3 14.69 1529 322 82.15 30.85 69.15 1.279 N
4 2139 1133 552 779 46.71 53.29 1.325 N
5 2786 9.00 6.51 79.68 58.98 41.02 1.383 N
6 36.01 6.18 843 78.39 73.02 26.98 1.460 N
TE 4748 3.14 39.76 49.82 87.54 12.46 1.583 N+M
8E 4748 3.14 5942 1897 87.54 12.46 1.583 N+M
9 48.60 1.63 56.16 1.17 93.26 6.74 1.572 M
10B  49.54 0.00 5836 0.00 100 0.00 1.568 M

In Fig. 1, there are two crystallization areas. The first one is CAE corres-
ponding to the crystallization area of NaCl, and the second is BFE corresponding
to the crystallization area of MnCl, 4H»O. Point A and F are the invariant points
of the binary systems of NaCl-H,O and MnCl,—H;O. Point E represents the

Available on line at www.shd.org.rs/JSCS/

(CC) 2021 SCS.



WATER SALT SYSTEMS CONTAINING Mn(H,PO,), 95

invariant of the system. Points C and B show the amount of salt by the weight of
NaCl and MnCl,-4H»O salt molecules and the amount of water as hydrate, res-
pectively. The areas of AEBO and CEBD represent the unsaturated and saturated
solutions of both salts, respectively. The curves AE and EB represent the satur-
ation curves of NaCl and MnCl,, respectively.

NacCl

Enlarged Part

63.6 &
MnCl,

Content of NaCl, wt.%

»“‘
e e T e e
80 90 100

50 60 70
Content of MnCIQ, wt.%
Fig. 1. SLE diagram for theH,O—MnCl,—NacCl ternary system at 323.15 K.
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Fig. 2. Density vs. composition diagram for the ternary systems at 323.15 K.

Solubility data of H,O—MnCl,—Mn(H,PO,), ternary system at 323.15 K

The solubility and density values of Mn(H,PO,),—-H,O and MnCl,—H;0
binary systems were respectively detected as 11.14 mass % Mn(H;PO3), and
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49.54 mass % MnCly, 1.067 and 1.568 g cm™> at 323.15 K. The solid phases
belonging to these compositions were found as Mn(H,PO3);-H>,O and
MnCl,-4H50.

Mn(H,PO3)7, MnCl; and HyO compositions and the density in the invariant
point of HoO + MnCly + Mn(HPO3), system at 323.15 K were respectively
15.34, 21.02 and 63.64 mass % and 1.334 g cm™3. The solid phase of the invari-
ant point consists of Mn(H,PO,);-H,O and MnCly-4H,O salts. The solubility
and density data belonging to this system are given in Table IV and Fig. 2 and 3.

TABLE IV. SLE data for theH,O-MnCl,—Mn(H,PO,), ternary system at 323.15 K; standard
uncertainties, u, are u(p) = 0.001 g cm3, u(T) = 0.05 K, u,(P) = 5 % and u(w) = 0.01w, w is the
mass fraction; M — MnCl,-4H,0; H — Mn(H,PO,),-H,0

Content, mass % 100w of salts in liquid Solid

No. Liquid phase Solid phase phase cpm 3 Salse
MnCl, Mn(H,PO,), MnCl, Mn(H,PO,), MnCl, Mn(H,PO,), °© P

1A 0.00 11.14 0.00  90.13 0.00 100 1067 H
2 673 11.77 058 8857 4545 54.55 1133  H
3001107 1250 1.2 8472 5655 43.45 1.185 H
4 1502 13.26 34 74.58 62.46 37.54 1239 H
5 2076 1523 2.83 82.42 66.72 33.28 1327 H
6E  21.02 1534 2802 52.46 66.82 33.18 1334 H+M
7E 2102 1534 5635  32.15 66.82 33.18 1334 H+M
8 25.1 12.63 5029 413 74.48 25.52 1357 M
9 367 6.17 5524 191 89.75 10.25 1452 M
10 434 3.03 56.09 091 95.46 4.54 1504 M
11F  49.54 0.00 60.86 0.0 100 0.00 1568 M

In Fig. 3, there are two crystallization areas. The first one is HAE corres-
ponding to the crystallization area of Mn(H,PO»); H5O, and the second is BFE
corresponding to the crystallization area of MnCly 4H»O. Point A and F are the
invariant points of the binary systems of Mn(H,PO;),—H>O and MnCl,—H;O.
Point E represents the invariant of the system.

Point H and Point B show the amount of salt by weight of Mn(H,PO5), H,O
and MnCl,-4H;0 salt molecules and the amount of water as hydrate, respect-
ively. The areas of AEF0 and CHEBD represent the unsaturated and saturated
solutions of both salts, respectively. The curves AE and EF represent the satur-
ation curves of Mn(H,PO5); and MnCl,, respectively.

Solubility data of H,O—Mn(H,PO,) ~NaCIl-MnCl, system at 323.15 K

The solubility data belonging to the quaternary system are given in Table V
and Fig. 4.

The invariant point data of HoO-Mn(H,PO;),—NaCl system are 69.52, 6.02
and 24.46 mass %, respectively.
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Fig. 3. SLE diagram for theH,0O-MnCl,-Mn(H,PO,), ternary system at 323.15 K.

TABLE V. SLE data for the quaternary H,O-Mn(H,PO,),—NaCl-MnCl, system at 323.15 K;
Janecke index (J) = mol per 100 mol of dry salt (2Na" + Mn”"); standard uncertainties (1) are
u(p)=0.001 g em”, u(T) =0.05 K, u(P) =5 % and u(w) = 0.01w, w is the mass fraction, N —
NaCl, M- MnC124H20, H- MH(H2POZ)2’HQO

No 100w 100J Solid phase
Mn?* Na* Cl- H,PO, Mn?* 2CI H,0

1 20.73 1.23  28.63 0.00 93.98 99.90 680.67 N+M
2 18.28 237  26.60 1.19 86.58 97.60 746.93 N+M
3 16.08 2.59 2394 1.47 83.85 96.73  891.89 N+M
4E 14.28 295 21091 1.95 80.19 9533 1011.86 N+M+H
5 13.72 0.00 11.83 10.78 100 66.80 141943 M+H
6 13.29 1.45 16.26 5.73 88.46 83.85 1288.10 M+H
7 12.76 2.00 17.62 3.52 84.21 90.05 1293.63 M+H
8E 14.28 295 21091 1.95 80.19 9533 1011.86 N+M+H
9 1.79 9.61 14.85 423 13.46 86.62 1601.20 H+N
10 432 736 1494 3.67 32.91 88.22 1625.10 H+N
11 5.49 7.02 15.97 3.59 39.54 89.10 1496.39 H+N
12 7.57 476 15.73 2.53 57.07 91.87 1600.66 H+N
13E 14.28 295 21091 1.95 80.19 9533 1011.86 N+M+H

The invariant point data of HyO-Mn(H>PO;),-NaCl-MnCl, quaternary
system are respectively 58.89, 2.77, 7.5 and 30.84 mass %.
In Fig. 4, there are three crystallization areas. The first one is AECH corres-

ponding to the crystallization area of Mn(H,PO5), H,O, the second one is DBEA
corresponding to the crystallization area of NaCl, and the third is BECF corres-
ponding to the crystallization area of MnCly-4H;0. Points A, B and C are the
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invariant points of the ternary systems. Point E represents the invariant of the
quarternary system.

o 20 40 60 80 100

0 . : ; ; ; 100
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Fig. 4. SLE diagram for the H,O-Mn(H,PO,),~NaCl-MnCl, system at 323.15 K.

As it is seen in Fig. 4, which shows the crystallization area of the quaternary
system, Mn(H,PO5), 80.75 %, NaCl 11.63 %, and MnCl; 7.62 % cover the area.
These values were obtained by calculating the area of the DFH triangle in Fig. 4.
When the study is compared with literature data of the binary, ternary and quar-
ternary systems, it is seen that the solubility of Mn(H>PO;), and NaCl in binary
systems slightly change with the increase of temperature, but the solubility of
MnCl, increases significantly with the increase in temperature.26

The solubility of MnCl, changed as respectively 49.54 and 56.1 mass %
between 273 and 373 K. The solubility of NaCl changed as respectively 26.28
and 28.05 mass % between 273 and 373 K.26

There is limited data available for Mn(H;PO»), solubility. According to the
data, the solubility of it is between 12.20 and 11.14 mass% at between 273 and
298K.8-12

The quaternary systems of this study and ref. 8 were compared (Fig. 5).

When the temperature increased from 298.15 to 323.15 K, the crystallization
areas of NaCl and Mn(H,PO;), decreased; thus, their corresponding solubilities
increased. In contrast to this, the crystallization area of MnCl; increased and its
solubility decreased.

In this study, the invariant points of the quaternary system were respectively
30.84, 7.5 and 2.77 mass% (MnCl,, NaCl and Mn(H,PO5);). According to this,
there is mostly MnCl, and at least Mn(H,PO»); in the solution. Because of this,
these are the important data for the separation of Mn(H,PO»); from the solution.
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Mn(H,PO,), ¥ 7~ MnCl,

0 20 30 40 50 60 70 & 90
Total salt composition in 100 mole

Fig. 5. Comparison of the data obtained in this study with those of reference 8 related to the
same salts studied at 298.15 K.

CONCLUSION

Two ternary systems and one quaternary system were investigated in this
study.

First of all, in the MnCl,—NaCl-H,O system, NaCl solubility reduced from
26.86 to 3.14 mass % in the existence of MnCly, and MnCl, solubility reduced
from 49.54 to 47.48 mass % in the existence of NaCl. It is clearly seen that
MnCl, has a sharp salting-out effect on NaCl. The density of the invariant point
was determined as 1.583 g cm 3.

Secondly, in MnCl,—Mn(H;PO3),—H»O system, the solubility of Mn(H,PO»)»
increased from 11.14 to 15.34mass % in the existence of MnCl,, and MnCl,
decreased from 49.54 to 21.02 mass %. Here, MnCl, has a salting-on effect on
Mn(H,PO,),. The density of the invariant point was 1.334g cm3.

Thirdly, as the crystallizing area of the quaternary system is clearly
observed, Mn(H;PO»), has the greatest area with 80.75 %, NaCl follows it with
11.63 % and MnCl; has the smallest area with 7.62 % in the solution including
all the three salts.

When literature data is analyzed, it is seen that the solubility and the density
of Mn(H;PO»)>,—H»O binary system are respectively 12.20 mass % and 1.089 g
cm3 at 273 K. This result was found by Alisoglu and Necefoglu.? Furthermore,
it has been found that the solubility is 12.48 mass % and the density is 1.086 g
cm— at 298 K. It is apparently seen that the solubility and the densities of
Mn(H>PO3),—H>0 binary system changed slightly at 273 and 298 K, but when
the temperature reached 323.15 K, the solubility and the densities decreased to
11.14 mass % and 1.067 g cm—3, respectively.

It has been seen in the literature that MnCl,—H,O binary system has 43.60
mass % solubility and 1.491 g cm™3 density at 298 K, and 49.40 mass % sol-
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ubility at 323 K. When it is compared with the data obtained from this study and
the literature cited above, it can be concluded that the solubility of MnCl,—H,0
binary system is in the range 43.60 to 49.54 mass %. Moreover, the density of the
system increased from 1.491 to 1.568 g cm™3 in parallel with the increase of the
temperature.

Finally, it has been observed that solubility of NaCl-H;O binary system at
273, 298 and 323 K is respectively 26.25, 26.42 and 26.84 mass %, and the den-
sity is 1.201, 1.199 and 1.191 g m=3, respectively, again.

Mn(H,PO5); is obtained by a displacement reaction of MnCl, with
NaH,PO; in order to produce Mn(H,PO»), and NaCl. The salts can be separated
from each other as a result of their solubility differences by creating Na*,
Mn2*/Cl, (HPO,)//H,0 reciprocal quaternary system. In this study, a method
has been proposed for purification of Mn(H,PO,); by separating it from the
solution medium by using phase equilibrium method, which enables the synthesis
of Mn(H,PO3), more economically and easily than the synthesis method used in
the traditional laboratory.

In the study with the same quaternary system at 298 K, it is seen that the
crystallizing area of Mn(H,PO3); covers 82.9 % of the total area. A method can
be proposed to separate these salts using temperature and phase changes with the
joint evaluation from literature and this study. Especially, the separation of
Mn(H,PO3), which has the highest crystallization area, is an important result
since it is more economical than the traditional method. According to this, it has
been concluded that Mn(H,PO»), can be separated via temperature change.

Therefore, this study suggests an economic method for the separation of
Mn(H,PO3), which solves the least (2.77 %) and covers the most crystallizing
area (80.75 %) in the solution including three salts mentioned.
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comments, which helped to improve the manuscript.

U3BOJ
PABHOTEXA ®A3A YBPCTO-TEYHO Y H20-Mn(H2P0:),-MnCl;-NaCl,
H20-Mn(H2P02)>-MnClz u H20-NaCl-MnCl. CHCTEMHMA HA 323,15 K

VEDAT ADIGUZEL
Department of Chemical Engineering, Kafkas University, Kars 36100, Turkey

PaBHOTe)ka ¢ha3a YBPCTO—TEYHO U TyCTHHE Yy KBaTepHapHOM cuctemy H,;O-NaCl-
—MnCl,-Mn(H,P0,),, xao u y tepHapHum cucremuma H,0-NaCl-MnCl, u H,0-MnCl,—
—Mn(H,P0,),, ucnutaHe cy NIpUMEHOM MeTole Mepewa 3acuhema pacTBOpa IPU H30TEPM-
CKUM ycimoBrMaHa Ha 323,15 K. AHanusom TeuHe W 4YBpCTe ase yTBphHEH je cacTaB 4BpCTe
dase xopuurhemem Schreinemaker rpaduuxe merozme. TepHapHH CHCTEMU canpxKe jeoHy
WHBApHjaTHY Tauky, /IBe KPUBE PACTBOP/BMBOCTH M [Ba MO/ba KpPHUCTanu3auuje. Y Kearep-
HapHOM CHCTEMy II0CTOjH jeflHa HHBApHjaHTHA Tauka, TPH KPHUBE PACTBOPJBUBOCTH U TPH 110Jba
KpHUCTaJlIM3auyje Koja onrosapajy uBpctum ¢azama NaCl, MnCl,-4H,0 u Mn(H,P0O;),-H,0.
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ITome xpucramusauuje Mn(H,P0O,),-H;0, xao Hajsehe y mopehemy ca obmactuma xpucra-
JU3alyje ocTalnux YBPCTUX dasa, 3aysuma 80,75 % yKyIHe TOBPIIN KpUCTalIU3aLyje.
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Abstract: The purpose of this work was to establish the influence of features of
the annealing mode on the value of residual stresses in the structure of porous
inorganic materials using foam glass as an example. A single-stage uniform cool-
ing mode at three different speeds was considered. The study was performed
using a mathematical model. The algorithm for analyzing the stress—strain state
of the foam glass sample consisted in solving a system of equations by the finite
element method. The calculation results are presented in graphic form. The
graphics show the changes in stress in the foam glass upon cooling at speeds of
100, 10 and 1 °C min"!. The temperature difference and the viscosity values of
the foam glass subsurface and central layers in dependency on different tempera-
tures of the cooling onset are presented. It was concluded that it is necessary to
carry out the annealing mode of foam glass in three stages: initial, glass transition
step and stabilization step, meaning different cooling rates have to be applied in
different stages.

Keywords: Strain; slags; cooling; silicates; finite element method; energy effi-
ciency.

INTRODUCTION

Currently, heat-insulating materials based on dense porous structures, which
are used as insulation of facades of buildings and structures for civil and indus-
trial purposes, are becoming more popular.!-5 A similar material with a dense
porous structure is foam glass, which is characterized by its high thermal
insulation ability, mechanical strength, and chemical resistance.6~9

The properties of foam glass depend, for the most part, on the composition
of raw materials and the production method.1011

One of the main technological operations that determines the mechanical
strength of foam glass is annealing.12:!3 However, upon obtaining foam glass
that is optimal in all aspects, poor-quality annealing can lead to a sharp increase
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1 04 GRUSHKO

in defects in the finished product.!4 At this stage, because of the limited thermal
conductivity of the material, changes in the environmental temperature of the
foam glass leads to a gradual transfer of heat from one layer of the sample to
another. This, in turn, leads to a temperature difference between the outer and
inner layers, which cause inner stresses. Those stresses affect the foam glass
quality. Thus, it is relevant to study the annealing process and identify patterns of
stress formation in foam glass.

Previously,!5 the successful use of mathematical modelling to describe phys-
ical and chemical processes at all stages of foam glass production with sufficient
accuracy, including at the annealing stage, was established. It seems promising to
use the mathematical model proposed by Alekseev and Yashurkaev,!4.16-18 deve-
loped based on the relaxation-kinetic theory of glass transition of Mazurin and
Lalykina.!9-20 Grushko?! describes developed software that allows, with minimal
time and adequate accuracy, a numerical study of the annealing process to be per-
formed based on the presented mathematical models.

The purpose of this work was to determine the effect of the features of the
annealing mode on the value of residual stresses in the structure of porous inorg-
anic materials using foam glass as an example. To achieve this goal, the following
objectives have to be solved: identification of the influence of the main parameters
of the technological stage of “annealing” (cooling rate and initial annealing rate).
Thus, a single-stage uniform cooling mode of foam glass at three speeds was con-
sidered: 1 °C min~! (typical cooling rate for glass products), 10 and 100 °C min~!
(chosen for a more visual demonstration of the processes that occur during anneal-
ing of foam glass) and a study of a nonlinear (“three-stage”) annealing mode.

EXPERIMENTAL

The study of the stress-strain state of the foam glass sample during annealing was real-
ized with numerical simulation by solving a system of equations? by the finite element
method in the ANSYS software package,?? according to a previously proposed technique?
that allows relaxation of the material properties to be taken into account:

! Lod |dT (¢
]}iZT—J‘CXp|:—J‘d—t":|#dt' (1)

o | eull)] d
Ty = Z g Ty, where Z gir =1 2)

i=1 i=1
Tt Tt

lgz;=| A+ —lgK; |=E-lgry| ==-1 3
g,[ T glJT go(T ] 3)
Ty =3 T, where 3 g =1 @

i=1 i=1
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THE EFFECT OF ANNEALING ON FOAM GLASS STRESSES 105

T
P=P(T;)+ j(?j dr’ (5)
Tip Tip

where T is the temperature, 7% is the structural temperature, ¢ is the time, 7 is the relaxation
time, g; are the weight coefficients, n is the number of internal parameters characterizing the
structure of the substance, 4, B and T are the constants in the Fulcher—Tamman equation; P is
property; P; is the property of a substance in an equilibrium (liquid) state; K; = 7/7;, here 5 is
the viscosity.

Mathematical modelling of the heat transfer process in the studied object is based on the
numerical solution of the initial-boundary-value problem:

pc:a—T:i A oT (x,y,2,7) +i 2, oT (x,y,2,7) +i i oT (x,y,2,7) ©)
o7 ox ox dy dy oz oz

where T(x, y, z, 7) is the desired temperature distribution function; 4, 4,, A, are the thermal
conductivity coefficients in the direction of the x, y, z axes; p is the density; c is the specific
heat of the medium.

The stationary heat equation for an isotropic medium has the form:

div(AgradT)=0 )

where T is the desired temperature distribution function; A4 is the coefficient of thermal
conductivity.

It should be noted that the results of calculating the thermal state are the basis for solving
the strength problem.

In this regard, determination of stresses is realized for a system of equations with the
following form:24

u S
Oy =2G| £y +—2— 25, —aT§, 8
ik |: ik 1+IL12G ik lk:| ( )

13U, au;) .
Ep =& =— —+—l . ,](,:1,2,3 9
ik ki 2[ axi axkj 1 ( )
86k~

ki _ 10
25 (10)

where oy, are stresses (0;; are normal stresses, Oy, (i # k) are shear stresses; g, are distortions;
U, is displacement; S = Y g;; is the sum of the normal stresses, 7T is the medium temperature, G
is the shear modulus, 2G = E / (1+tw), E is Young’s modulus, u— Poisson’s ratio; a —
coefficient of thermal expansion and
{1,;’ =k
O =9 — Kronecker symbol.
0,i#k
The main steps in solving this problem are setting the source data (including the imple-
mentation of the solid-state model) and solving and processing the results.
The object of study (Fig. 1) is a sample of foam glass with dimensions of 30x30%30
mm?, placed on a stand with dimensions of 100x100x3 mm?, created by powder technology.?
The raw materials were ground in a ball mill with a volume of 5 L to the point of com-
pletely passing through a sieve No. 0315, and the batch mixture specific surface area value
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106 GRUSHKO

was 552 m? g'!. The batch mixture composition, in mass %: ash and slag waste, 30; crushed
glass, 70; borax, 5; anthracite, 5; this composition is 5 over 100 % of the basic components.
The estimated chemical composition of the foam glass is given in Table I.

a)
O
[
\.ul.jjlf l'.'.l_,\_
- £
¥ ) A
i =) 'ﬁ'f,-;\_l
{,@5“ -.93"#
:u’hrn
=
el =
=

Fig. 1. Object of the study: a) object model view; b) object real view;
¢) object, longitudinal section.

TABLE I. Composition of the synthesized foam glass

Oxide Content, mass % Oxide Content, mass %
SiO, 67.33 CaO 7.78

Al O3 6.88 K,0 1.05
Fe,03 3.73 MgO 0.77
Na,O 10.71 TiO, 0.07

P,05 — SO, 1.68

PPP — = 100.00

During heating the ground glass matrix and porous agent batch mixture to 825 °C, the
gases formed as a result of oxidation or dissociation of the porous agent, the softened glass
mass swelled. The sample was foamed and annealed in a muffle furnace with electrical

Available on line at www.shd.org.rs/JSCS/

(CC) 2021 SCS.
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heaters at a preset temperature—time mode.2® The preset temperature—time mode was as fol-
lows: prepared samples were loaded into a cold oven and then heated at 16 °C min™! to 500
°C, the temperature for complete combustion of the contained volatile substances. This tem-
perature was maintained for 20 min to ensure an even warming-up of the sample, which has a
positive effect on the further process of foaming. Then the temperature was further increased
to 825 °C, the foaming temperature, and maintained for 20 min. Subsequently, the glass was
rapidly cooled to 600 °C to fix the structure of the material. Finally, the sample was cooled to
25 °C at a rate of 2.8 °C min’!.

The physical properties of the obtained foam glass sample were determined by building
its solid-state model (the visual inspection method was used (Fig. 1) using a ShTs-150 calli-
per): sample geometry, location and pore size (usually uniformly distributed pore arrangement
having an average diameter of 3 mm with a constant gas composition). The construction of a
solid model of the foam glass sample was performed using the CAD system software package
ANSYS “Space Claim”.

Next, the following physical properties of the obtained sample were determined: thermal
conductivity, heat capacity, radiation characteristics, sample geometry, mass, density, Young’s
modulus, and Poisson’s ratio.

The calculations used the real thermophysical and radiative properties of carbon dioxide,
the foam glass matrix and the steel standard 2Kh18N9T.27-30

The values of the thermal conductivity of carbon dioxide at the upper and lower bound-
ary curves, at the critical point and on isobars from 30 to 200 kg cm™ to a temperature of 1000
°C are presented as a function of temperature. For the gas emission process, the ambient tem-
perature and the emissivity of the body were set.

According to the theory of the radiation heat transfer between a radiating and absorbing
gas and the surrounding enclosed grey clad, the required emissivity coefficient of the radiative
components is given by:

£co, Zf(Pcon,Tg) (11)

where pco, is the partial pressure of the gas mixture and 7} is the temperature of the gas
mixture.

For a spherical pore with diameter D = 3 mm, the effective thickness of the gas radiating
layer is /= 1.8 mm:

1=0.6D (12)

The intensity of gas emission inside the pores of the foam glass decreased in proportion
to a decrease in the temperature of the inorganic frame of the foam glass. At the end of the
foam glass manufacturing process (at the end of the last production stage), the gas pressure
inside the pores was approximately equal to atmospheric pressure. Upon further cooling
through the annealing process, the gas pressure decreased by the required amount in certain
cells, so that the completely annealed glass exhibited a substantial pressure drop of 33.8 kPa
in the cells.3! Then, the required emissivity coefficient within the temperature decrease range
was 0.01 on average. To estimate the contribution of the radiative compound to the overall
temperature distribution, it was assumed that the emissivity coefficient was equal for both the
working batch and initial foam glass (g4 = 0.94).2°

The radiation from the surface of the stand was set in a similar way with its values of the
degree of blackness. At the same time, in the block for setting the properties of radiation heat
transfer (the variable “Correlations”), the value “Emissions to the environment” was set (“To
ambient”).
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The thermal conductivity and specific thermal capacity of the foam glass matrix were
determined by the laser burst method?? within the temperature range of 25-700 °C using the
thermal conductivity measuring system TC-9000H (ULVAC, Japan) at the Common Use Center
“Technologies and Materials of National Research University BelSU,” Belgorod, Russia.

TABLE II. Results of the determined thermal conductivity and specific heat of the foam glass

t/°C T/K A/cm? s C,/Jg!'K! k/ W em! K-
31.1 304.1 0.00592 0.87296 0.00757
101.1 374.1 0.00567 0.85875 0.00714
200.1 473.1 0.00538 0.93964 0.0074
300.4 573.4 0.00528 1.18179 0.00913
399.7 672.7 0.0052 1.20185 0.00914
499.3 772.3 0.00553 1.19574 0.00968
599.3 872.3 0.00572 1.37081 0.01149
699.4 972.4 0.00517 1.62584 0.0123

The value of thermal conductivity 4 was calculated by the formula:
A= 0oCppy (13)

where py = 146 kg m™ is the sample density.
The density of the sample was calculated by the formula EN 1602:1996 “Thermal insul-
ating products for building applications — Determination of apparent density”:

m

pe=y; (14)
where m is the mass of material, kg; V' is the volume of the material, including pores and
voids, m?, and py = 146 kg m?.

To determine Young’s modulus, tests of foam glass samples were carried out according
to the procedure presented in EN 13167:2012 “Thermal insulation for building — Factory
made cellular glass (CG) products — Specification” was applied. The essence was to measure
the value of the compressive forces necessary to destroy the sample under appropriate test
conditions.

Cubic samples with sizes of 30x30x30 mm?® were mounted in a hydraulic press so that
the compressive force was directed along the vertical axis of the sample. Additionally, one
250 UW strain gauge with a vertical axis (longitudinal strain gauge) and one gauge with a
horizontal axis (transverse strain gauge) were glued on the sides of the cross-section of the
foam glass sample, each of which was connected via a half-bridge circuit to a separate channel
of the UTS-1 strain gauge station. The process of loading the sample had an initial load of 500
N in increments of 250 N until the visual destruction of the sample. In addition, by sequen-
tially switching the corresponding channels of the strain gauge station, the readings of each of
the strain gauges were taken.

The sample pressure, o, Pa, is determined by the formula:

P
O =—
b

where P is the applied load, N; / is the sample length, m, and b is the sample width, m.
The relative longitudinal strain, &4y, Was determined by the formula:

(15)
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Al
Elong =75~ (16)
lo
where Al is the defined elongation and /; is the initial sample length.
The relative transverse strain, &q,,s,, was determined by the formula:

Etransy = A_d (17)
dy
where Ad is the transverse sample size and d|, is the initial sample size.

When the force reached 2250 N, the pressure on the sample created a stress exceeding
the shear stress, and the material entered the stage of plastic deformation. At a moment
corresponding to a force of 2500 N, destruction of the material occurred.

In accordance with Hooke’s Law, the elastic modulus of the sample material was deter-
mined:

E=— (18)
£

therefore, = 2.6 MPa, ¢ = 0.002070 and £ = 1256 MPa.

According to the results of tensometric measurements, the dependence of the transverse
strain on the longitudinal strain under compression was obtained.

The experimental results were approximated by a straight line using the least squares
method. The result of the standard error was 1.07x10°8.

The determined value of the Poisson’s ratio was:

— Eiransy _ 0.0004554 _

Eing  0.002070

(19)

where 4 is the Poisson’s ratio, &iansy = 0.0004554 is the lateral relative deformation and o5 =
=0.002070 is the longitudinal relative deformation.

The obtained values of the physical properties of the matrix material of the foam glass
sample using the module “Engineering Data” with the additional shell interface “Workbench”
used descriptions of the properties of materials, and input parameters of the mathematical
models are listed in the created mathematical model.

To solve unsteady heat conduction problems, a transient thermal module with the follow-
ing boundary conditions was used.

The boundary conditions were specified in the form of temperature 7' = f{time) on the
outer surface of the foam glass sample in the study. The calculation was performed under the
assumption that the temperature of the surface of the sample changed according to a given
mode (the physical possibility of the claimed mode could be achieved due to the significant
convective heat transfer of heat from the foam glass surface, providing a given cooling rate of
the sample (the temperature of the gaseous medium around the sample should be much lower
than its surface temperature)).

The maximum time step value was determined to be 10 s according to the literature.33

RESULTS AND DISCUSSION

The stress changes in the sample during cooling starting from 600 °C at dif-
ferent speeds: a) 100, b) 10 and ¢) 1°C min~! are shown in Fig S-1 of the
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Supplementary material to this paper. As can be seen from Fig. S-1, the stress
increase occurs in two stages.

In the initial period of uniform cooling, there is a rapid increase in the tem-
perature difference between the centre (Fig. S-2 of the Supplementary material)
and the surface of the object in question, which leads to an increase in tempera-
ture stresses and their subsequent decrease due to an intense relaxation process.34
In the second stage of annealing, which occurs in the glass transition region (the
range of the decimal logarithm of the viscosity of the foam glass is 10—16 Pa-s,
Fig. S-3 of the Supplementary material), the stress values increase, the rate of
change of which becomes minimal, which leads to the appearance of residual
stresses. It should be noted that the available stress effects are inversely pro-
portional to the rate of annealing.

The temperature difference between the subsurface and central layers of a
sample depending on various temperatures of cooling onset are shown in Fig. S-2
of the Supplementary material. The cooling rate was set as a constant, and its
value was 1.5 °C min~! regardless of the initial annealing temperature.

With uniform cooling, the stresses in the subsurface layers of the foam glass
are compression stresses (Fig. S-1), since at the beginning of the annealing pro-
cess, the temperatures of the subsurface layers were lower than the temperatures
of its central layer (Fig. S-2), while the free dimensions of the surface layers
decreased to a greater extent than the dimensions of the central layer. However,
in the glass transition interval, the free sizes of the inner layers decrease to a
greater extent than the free sizes of the outer layers. As a result of these pro-
cesses, the residual stresses in the subsurface layers are compression stresses, and
in the central layers, tensile stresses.

The viscosity values of the subsurface and central layers in dependence on
different temperatures of cooling onset are shown in Fig. S-3. The cooling rate is
set as a constant, and its value was 1.5 °C min~! regardless of the initial anneal-
ing temperature.

The stresses occurring in the foam glass during annealing with different ini-
tial temperatures are presented in Figure S-4 of the Supplementary material. Evi-
dently, an increase in the initial annealing temperature (while maintaining a
constant rate of the cooling process) practically does not change the value of the
residual stresses and retains the shape of the curve.

Thus, the heat treatment of foam glass during the annealing process has a
different effect on the formation of its stress—strain state, which allows us to con-
clude that different values of the rate of temperature change at different stages are
necessary. The foam glass annealing mode is nonlinear and it is advisable to divide
it into three stages: initial (stage 1), glass transition (stage 2) and stabilization stage
(stage 3), and the cooling rates in the first and third stages are much higher than in
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the second stage, the temperature range of which is the critical cooling inter-
val.14.16-18 Ag 3 rule, the cooling rates at different stages differ several times.!3

Consideration of a three-stage annealing mode. The dependence of stress,
viscosity and temperature of the subsurface and central layers on time are shown
in Figs. S-5-S-7 of the Supplementary material.

In the temperature range of 600 °C, an increase in stresses is formed, asso-
ciated with the beginning of the glass transition interval, the viscosity of the
layers is relatively small, the significant stresses that arise begin to relax initially
at a high speed, then gradually reduce it. The cooling rate again increases from a
temperature of 460 °C. In this case, the temperature difference between the centre
and the surface of the foam glass increases again, however, these changes are
significantly slower than after a sharp decrease in speed. Moreover, the total
value of the effect in this case is more significant than in the case of a decrease in
the cooling rate, as a consequence of 3—4 orders of magnitude higher viscosity at
460 °C than viscosity at 600 °C, so stress relaxation is practically absent. Thus,
stress relaxation in the second cooling stage affects residual stresses favourably.

CONCLUSIONS

Analysis of the information presented allows the following conclusions to be
drawn:

1) with uniform cooling, the growth of stresses is occurs in two stages, the
value of which is proportional to the rate of annealing: the first stage is deter-
mined by temperature stresses and their subsequent decreases due to the intense
relaxation process; the second stage corresponds to the glass transition area (the
range when the decimal logarithm of the viscosity of the foam glass is 10—16 Pa
s), where there is a new increase in stresses, the rate of change of which becomes
minimal, and then leads to the appearance of residual stresses;

2) the residual stresses in the subsurface layers are compression stresses,
and in the central layers tensile stresses, due to the fact that at the beginning of
annealing, the temperature of the subsurface layers was lower than that of its cen-
tral layer, while the free dimensions of the surface layers decrease to a greater
extent than the dimensions of the central layer, but then, in the glass transition
interval, the free sizes of the inner layers decrease to a greater extent than the free
sizes of the outer layers;

3) the heat treatment of foam glass during the annealing process has a dif-
ferent effect on the formation of its stress—strain state, which allows us to conclude
that different values of the rate of temperature change at different stages are neces-
sary. It is advisable to divide the foam glass annealing mode into three stages:
initial (step 1), glass transition (step 2) and stabilization step (step 3);

4) stress relaxation at the glass transition stage favourably affects the resi-
dual stresses because the viscosity values at a temperature of 460 °C are 3—4
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orders of magnitude higher than the corresponding values at a temperature of 600
°C and stress relaxation is practically absent.

SUPPLEMENTARY MATERIAL

Additional data are available electronically at the pages of journal website: https://
//www.shd-pub.org.rs/index.php/JSCS/index, or from the corresponding author on request.

U3BOJ
YTHULIAJ PEXXUMA OOTPEBAILA HA YKIIABAIGE HATIPE3ABA Y TIEHACTOM CTAKITY

IRINA GRUSHKO

Platov South-Russian State Polytechnic University (NPI), Novocherkassk 346428 u Don State Technical
University, Rostov-on-Don 344000, Russian Federation

Linp oBor paja je neduHHUCame yTHllaja HAYMHA OATPEBama Ha 3aoCTajla Hanpesama y
CTPYKTYPH NMOPO3HUX HEOPraHCKUX MaTepHjana, Ha IPUMEPY MEHACTOT cTakna. PasmarpaH je
yTunaj Tpu Op3vHE TOKOM jemHOCTereHOr YHHUMOPMHOTr pexuma xnahewa. Kopuurhemem
MaTeMaTHYKOr MoZesa KOjH je NoOHjeH METOLOM KOHAUHHUX €leMEHaTa aHaJu3upaHa Cy Hac-
Taja Halpesama y cTakly. I'paduyky cy NpHKasaHe 3aBUCHOCTH Hallpesamwa Off BpeMeHa IpH
opsunHama xnahema 100, 10 u 1 °C min !, [Ipukasane cy pasiuke TemMIepaType ¥ BHUCKO3-
HOCTH MOTIOBPUIMHCKOT M LEHTPAJIHOr CJI0ja Off BPEMEHA, 338 PAas/IMYMTE IOYETHE TEMIEpa-
Type ofrpeBama. 3ak/by4eHo je Jla peXXHM OJrpeBama Mopa Jla Ce U3BOIM Y TPH Kopaka pasiu-
YUTHX Op3HHA: IOYETHH, NIPEJIa3HU U CTaDUIN3aLMOHH.

(TTpumiseno 19. neuemdpa 2019, pesupupano 24. Maja, mpuxsahero 28. maja 2020)
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Fig. S-1. Stresses during cooling of foam glass at different rates: a) 100 °C min!;
b) 10 °C min!; ¢) 1 °C min’!. Layers: ¢ — upper, m — centre, ® — bottom.
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Fig. S-2. The temperature difference of the subsurface layer of the sample depending on
various temperatures from the onset of cooling, initial annealing temperature: m — 600 °C,
¢ —700°C, A —800 °C, ® —900 °C.
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Fig. S-3. The viscosity of the layers in dependence on different temperatures at the beginning
of cooling: a) the viscosity of the subsurface layer, initial annealing temperature; b) the
viscosity of the Central layer, initial annealing temperature. ® — 600 °C, m — 700 °C,

4 —800°C, A —900 °C.
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Fig. S-4. Stresses in foam glass during cooling with different initial annealing temperatures: a)
surface layer, initial annealing temperature b) the central layer, initial annealing temperature.
m— 600 °C, ¢ — 700 °C, A — 800 °C, e —900 °C.
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Fig. S-5. Stresses in foam glass, layers: ® — subsurface, m — centre.
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